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PREFACE 


The following practicml exercises in Magnetism and Electricity 
are designed primarily to^heet* the wants of pupils of Schools* 
of Science in connection with the Board of Education, where 
this subject is selected for detailed study during third 
and fourth year’s wofk in Physics in an organised course of 
science. 

The book at the same time does more than this : it is 
suitable <pr students preparing for the ordinary elementarj^ 
examination of the Board of Education in Magnetism and 
Electricity, in Technical Schools and Evening Science Classes 
where individual practical work is possible. The experiments 
are of a kind which candidates presenting themselves in this 
subject at the Matriculation and Intermediate Science Exam- 
inations of the London University, or at the examinations for 
secondary schooL pupils, held by the Universities of Oxford 
and C^jnbffdge, the College of Preceptors, the London 
Technical Education Board, and other bodies, might with 
advantage perform themselves. 

It is as well to point out, however, that though suitable for 
all the examinations mentioned, the book follows no single 
syllabus ; the order qf the subjects represents what my own 
experience indicates as the best means of giving students 
systematic and logical ideas. 

In writing all sections, the ne^s of technical students who 
intend later to take up some branch of electrical engineering 
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have been kept in mind, and, where possible, the bearing of 
the I general principles elucidated upon the practical appli- 
cations of the science with which the engineer is more direptly ' 
concerned have been indicated. It will be noticed that the 
range of work included in the lafet part (Voltaic) of the 
book is much more extensive than in the previous sections. 
This is intentionally arranged, since this portion of the subject 
has a more direct application to technical work. 

Students frequently find difficulty in understanding the 
theory of an experiment in which they may be engaged. For 
this reason each experiment is preceded, where deemed neces- 
sary, by a brief statement of the theory upon which thp 
experiment is based. 

In nearly every case the conditions of the experiments 
are reduced to their lowest terms, with a view to train the 
student not to rely upon elaborate apparatus for proving the 
fundamental facts of the science. The illustrations, too, 
have been designed to make the object and metlfod of the 
experiments as plain as possible. 

The Additional Exercises at the end of various chapters are 
selected so as to serve not only as examples on the work of 
the previous chapter, but also as suggestions towards further 
practical exercises for the use of students who have already 
carried out most of the -experiments described in the text. 
Those followed by a date are from examination papers of the* 
Board of Education. 

I am glad to express my grateful acknowledgments to 
Professor R. A. Gregory and to Mr. A. T. Simmons, B.Sc., 
for their kindly and experienced criticism througliout the 
preparation of the manuscript and the passage of the book 
through the press. 

H. E. H. 


September 1901. 
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-PARTIJ 


CHAP'fER I 

Preliminary Experiments in Magnetism 

1. Properties of Magnets 

Apparatus required . — Lodestone and bar-magnek Iron 
filings. Sewing-needle (or piece of watch-spring). Suspension 
for lodestone (see note i, p. 216). 

(i.) The Lodestone (Fig, i). — (^i) Dip the lodestone into 
iron filings. Sketch as ac- 
curately as you can the 
general appearance of the 
effect. 

Suspend the lodestone 
so that it swings freely in a 
horizontal plane. Notice the 
manner in which it swings to 
and fro, and finally comes to 
rest pointing in a definite 
direction. Mark the points 
on the bench towards which 
the lodestone is pointing ; also 
mark, by means of gummed 
paper, that end of the lode- 
stone which points towards 
the north. 

(il> A Bair-magaeti.— Rep<^t Eiqit i. («) aa 4 uragr 

S B 
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a bar-magnet instead of the lodestone, and observe how closely 
the magnet resembles the lodestone in its magnetic properties. 

X\\l) An Unmagnetised Sawing-needle. — Repeat the came 
experiments with an unmagnetised sewing-needle (or, piece of 
watch-spring), and notice how it fails to exhibit the charac- 
teristic properties of the lodestone. 

The next experiments will indicate how the properties of 
the lodestone may be transmitted to the needle or watch- 
spring. 

2. Methods of Magnetisation 

Apparatus required . — Three needles. Two pairs of small 
bar-magnets. Spiral (lo cms. long, 0.5 cm. wide) of cotton- 
covered copper wire wound on a straight piece of glass tubing. 
Voltaic cells (either two large Bunsen cells, or a secondary cell). 

ftyWtethod of Single Touch. — Lay a needle on the table, 
a«a hold it firmly by pressing a finger on the eye of the needle ; 

or, better still, fix it to 
the table by soft wax at 
the ends (see note 2, 
p. 2 1 6) ; rub the marked 
pole of the lodestone 
along the needle from 
eye to point ; lift the 
lodestone some distance 
away from the table, 
and bring it down again 

Fig. 2 <i. and iLX— .Methods of magnetising steel. 

needle, and repeat this 
operation several times (Fig. 2, i.). Apply the previous tests 
and satisfy yourself that the needle now has the same properties 
as the lodestone. 

(ii.) Method of Divided Touch. — Fix a needle on the table 
as in £xpt. 2 (i.) ; place the opposite poles of two bar-magnets 
close together in contact with the middle of the clock-spring, 
then draw them apart towards opposite ends of the spring. 
Lift them away, and bring them together again at the centre, 
and repeat this several times. 
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A stronger degree of magnetisation is obtained if the 
spring is supported at its ends on the poles of two other bar- 
magnets, in each 
case the poles being 
of the same polarity 
as that of the mov- 
able magnets above 
it (Fig. 2, ii.). 

(iii.) By means of 
an Electric Current. 



— Insert a needle into 3«*~A spiral of cotton-covered wire round a 

the spiral of copper 

wire (Fig. 3), and pass a strong electric current through the wire 
for a few seconds. After stopping the current, remove the 
needle, and test it for magnetisation. 


Magnetic Attraction and Repulsion 

Apparatus required , — Two needles (one magnetised as in 
Expt. 2 (i.), and one unmagnetised). Lodestone. Suspension. 

(i.) Suspend the magnetised needle, and observe which end 
points towards the north (this end is called the north’Seeking 
pole). Hold near to this pole the unmarked end of the lode- 
stone, and note the attraction. Hold the same end of the 
lodestone near to the south-seeking pole of the needle, and note 
the repulsion. Repeat these observations, but use the marked 
end of lodestone, and in this manner verify the following rules : — 

Unlike Poles Attract, 

Ldke Poles Repel, 

(ii.) Repeat Expt. 3 (i.), using the unmagnetised needle. 
Note how attraction takes place in all cases. 

Carefully remember, therefore, that repulsion is the only 

sure proof that the needle is ntagnetised, 

Hagnetib and Non-magnetic Substances 

Apparatus — Fragments of nickel and cobalt. 

Bar-magnetj^. Short lengths of zinc, wood, copper, glass, etc. 
Suspension (Fig, 4). . “ 
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So far only iron or steel have been experimented with, and 
the results in4icate that these may be termed magnetic sub- 
‘ stances. It will be found in the following experipients that 
other substances are also magnetic. 

(i.) Magnetic. — Bring a bar-magnet (or lodestone) in con- 
tact w;ith some fragments of nickel and of cobalt; both are 
attracted, consequently these also are magnetic substances. 

(ii.) Non -magnetic. — Suspend short lengths of zinc rod, 
woodf copper^ tin^ and of glass. Notice none of these are 



affected by a magnet, and consequently are not magnetic, 
substances. 

Jralismission of Magnetic Effects through 
various Solids 

Apparatus required, — Suspended magnetised needle. Bar- 
magnet. Sheets of paper, zinc, wood, glass, etc. 

(i.) Suspend a magnetised needle, and bring the pole of a 
magnet near to it; hold successively in front of the* pole a 
sheet of copper foil, of zinc foil, of paper, or of wood. In no 
case is the deflection of the needle affected 

^^struction of Magnetism , 

, Apparatus required — Bar-magnet French wire nail. Sus- 
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pended magnetised needie (or, compass-needle). Soft steel 
wire, bent twice at right angles. ^Magnetised^^eedle, Bunsen 
burner. J^etal tongs. Watch-spring. 

Bough Usage. — The effect is far more evident when 
a piece of fairly soft iron is used rather than steel ; for example, 
a French wire nail about 7 cms. long is suitable for the purpose. 
Magnetise the nail by single touch, and test its magnetisation 
by bringing it near to a compass-needle. Strike it several 
times with a hammer, and test again ; it will be found to have 
lost a considerable portion of its magnetism. 

Twisting or Distortion. — Cut off a length of stout 
soft-Sfeel wire about 1^4 cms. long, and bend the ends at right 
angles to the wire, thus : | this will enable the wire 

to be readily twisted by hand. Magfnetise the straight portion 
of the wire by the method of single touch ; test its magnetisa- 
tion by bringing it near to a compass-needle. Twist the wire 
to and fro several times, and observe that it has lost all, or 
nearly all, its magnetism. 

(iii.) By Heat. — Hold a magnetised needle in a Bunsen 
flame by means of metal tongs, or by wrapping the ends of a 
short length of copper wire round the needle ; when red hot 
remove it, and allow to cool ; test for magnetisation by means 
of a compass-needle. 

t. Result of breakinsr a Magnet 

Apparatus required, — Bar-magnet, watch-spring, and com- 
pass-needle. 

(i.) Magnetise a piece of watch-spring, and break it into two 
pieces. Test each piece separately, and notice that each is a 
complete magnet in itself, having opposite poles at opposite 
ends. Notice that the broken ends have opposite polarity. 
Break one of the pieces again into two parts, and verify that 
each of the fragments is still a complete magnet. Treat one 
of the fragments in the same manner, if possible. 

of Magnetism by Soft Iron 

Apparatus required, — Bar of soft iron. Bar-magnet. Com- 
pass-needle. 
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(i.) Endeavour to magnetise the soft iron bar by the method 
of single touch. Observe, by its action on a compass-needle, 
that it has derived scarcely any permanent magnetism. 

&^^6nsequent Poles 

Apparatus required . — Long steel knitting-needle. Bar- 
magnet. Compass-needle. 

(i.) Magnetise the knitting-needle in four separate parts by 
the method of single touch, and so that a north-seeking pole 
is found at both ends ; another north-seeking pole is also found 
at the centre, and south-seeking poles at one-quarter of the 
whole length from each end. Make a diagram of the knitting- 
needle and mark, by means of the symbols N and S, the locality 
of the consequent poles. 


Auditional Exercises 

Magnetise two sewing-needles and float them vertically 
in a dish of water by means of two pieces of cork. ' Observe, 
and explain, the effect when they are floating near together. 
Reverse one of the needles in its cork, and again explain the 
effect ^observed. 

Magnetise a long piece of clock-spring. State how you 
would treat the spring, without demagnetising it, so that, when 
held near to a compass-needle, it would exert no attraction or 
repul^ipn on the poles of the needle. Try the experiment. 

\j^(/Magnetise a knitting-needle so that it has^ consequent 
poles at the centre. If freely suspended so as to swing 
horizontally, how would you expect it to behave ? Try this. 
If the needle is now broken into two equal part$, would either 
portion, when suspended, behave in - the same way as the 
originM needle ? Try this, 

Jl^Magnetise the given steel rod so that both ends are 
north-seeking. Map the magnetic fleld in the neighbourhood 
of the magnetised steel by means of iron filings. (Inter. County 
Sch^|^.C.C. *1900.) 

Magnetise one of the two similar pieces of steel by means 
of a pair of bar-magnets, and the other by means of an electric 
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'current. In each case a^nge that the marked end is north* 
seeking. Place the two magnets thus made with their axes in 
the same straight line, and with their marked ends adjacent, 
but at a short distance apart. Map the magnet field near the 
magnets by means of iron filings, and state, with reason, whether 
the magnets are of equal pole strength or not. (Inter. County 
Sch.^ L.C.C. 1900.) 

\^.^A horse-shoe magnet lies flat on a sheet of brass which 
is supported by strings in such a way that it turns about a 
vertical axis but always remains horizontal. How will it place 
itself? (1893.) 



CHAPTER II 


-Magnetic Induction 


Temporary Magnetism in Soft Iron 


Apparatus required . — Pair of bar-magnets. Clamps. Small 
wire nails. Small strips of galvanised iron (sec note 3, p. 216). 
Iron filings. Compass-needle. Suspension. 

(i.) Preliminary Obsenration. — Dip a bar-magnet into a 
heap of small wire nails (or, better still, /rftgments of thin 
galvanispd iron). The fragments are picked up readily, just 
as though they were permanent magnets and the ir^sult due to 
the attraction of unlike poles. 

Are the fragments even temporarily magnetised ? 

(ii.) Polarity of Distant End. — Clamp a bar-magnet verti- 
cally, and immediately below it clamp a strip (12 or 14 cms. 
long) of galvanised iron. Test the loroer end with filings, also 
with the compass-needle. Note how its polarity is the same as 
that of the ^ear end of the bar-magnet. (The upper end 
cannot be tested in the same way, owing to the nearness df 
the bar-magnet.) 


(iii.) Polarity of Near End. — Suspend the strip horizontally, 
and support a bar^niagnet hori- 
zontally near to it (with the 
north-seeking pole near) Fig. 5. 
Bring the south-seeking pole of 
a second bar-magnet near to a^ 
and at right angles to the strip. 
Note the repulsion.^ proving that 
a has south-seeking polarity. « Reverse NS, and prove that a 
now has north-seeking polarity. 



Fig. 5.— Ta explain Expt io(iilX 
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Take NS away, and again test the strip. It is now no 
longer a magifet. 

, This phenomenon of temporary magnetisation is termed 

Magnetic Induction. ' 

The same phenomenon explains how a bar-magnet is 

capable of picking up iron filings, each filing being tempor- 

jirily magnetised by the bar-magnet. 

1 iTagrnetism in4}iced in Soft Iron by a 
Temporary Magnet 

A pparatus required. — P lir of bar-magOets. Clamps. Strips 
of galvanised iron. Short wire nails. Compass-needle. Two 
sewing-needles. 

(i.) Preliminary Observation. — Clamp a large bar-magnet 
in a vertical position, with its north-seeking pole downwards, 
and hang from it a strip of galvanised iron. Bring into con- 
tact with the irpn a number of small wire nails, and notice how 
long a chain of nails can be supported. The iron and each 
nail are temporanly magnetised. Test the polaflty of the 
extreme edd of the chain by means of a compass-needle. 

(ii.) Two Bar-magnets in Opposition. — Bring near to the 
end N the south-seeking pole of a second bar-magnet. This 
second magnet will also act inductively on the iron and nails, 
but the induced polarity will be opposite to that already present. 
The magnetisation of the iron and nails is consequently 
weakened, and most of the nails fall off. 

^ii.) Two Bar-magnets in Conjunction. — Replace every- 
thing as in*£xpt. ii (i.). Now place the south-seeking pole 
of a second bar-magnet just below the end of the chain of 
nails. We can now add two or three more nails ; the induc- 
tion due to the south-seeking pole tends to strengthen that 
originally present, and consequently the induced magnetism is 
increased. Remove the south-seeking pole, several nails will 
fall off ; if the north-seeking pole of the second magnet be now 
placed close to the end of the chain, more nails will fall ^ 

(iv.) Uutual Action of Temporary M^ets. — Suspend 
from the pole of a vertically-clamped magnet a bunch of 
sewing-needles, or three or four strips of galvanised iron. 
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Notice that the lower ends of all the needles have similar 
polarity, and mutually repel each other — the needles conse- 
quently bunch outwards. 

12. Induced Magrnetism may be created in a 
Permanent Magnet 

Apparatus required. — Long steel knitting-needle (feebly 
magnetised). Bar-magnet. 

(i.) Feebly magnetise a long Icnitting-needle, and suspend it 
in a stirrup. Hold the pole of a strong bar-magnet some 
distance away, and observe the repulsion between similar poles. 
Rapidly bring the magnet to within an inch of the repelled end 
of the needle, when the original repulsion is converted into a 
strong attraction. 


13. Coercive Power 

Apparatus required, — Bar -magnet. Clamp. Strip of 
galvanise 4 iron. Short wire nails. Steel pen nibs. 

(i.) Soft Iron. — Clamp a bar-magnet vertically. Suspend 
from its lower pole a strip of galvanised iron, and attach 
to the lower end of the strip as many wire nails as possible. 
Very carefully take hold of the strip and slide it off the 
end of the magnet; note whether the nails remain attached 
to it 

(ii.) Steel. — Repeat Expt. 13 (i.), but use steel pen nibs 
instead of soft iron. Carefully slide off the upper nib, and note 
whether the lower nibs fall off. 

Soft iron readily “forgets” the magnetic treatment to 

which it has been subjected, and we say that it has very 

small Coercive Po^ver, The reverse is the case with steel. 

14. Susceptibility 

Apparatus required, — Suspended magnetised needle, 
pieces of unmagnetised steel and soft iron (of exactly the same ■ 
shape and size). 

(i.) Suspend a magnetised needle just above the level of the 
table, and place a bar of unmagnetised steel horizontally with 
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its end near to the north-seeking pole of the needle, and its 
length perpendicular to the needle’s axis. 

Now» place the soft iron (of similar size to the steel) on the 
opposite side of the 
needle, and alter its 
distance from the pole 
until the needle again 
points to the north 
(Fig. 6). The soft iron 
completely neutralises the effect of the steel, although it is 
much farther away from the needle than the steel is. 


Kiu D.— Expt. (i.). 


Additional Exercise 

I. A compass-needle and a straight strip of soft iron of the 
same length as the needle, are fastened together, so as to be in 
contact with each other at both ends. Will the force which 
tends to make the combination point north and south be the 
same as that which would act on the compass-needle alone ? 
(1887.) 




CHAPTER III 
The Tangent Law 


15. Relation between Angle of Deflection and the 
, Deflecting Force 


Apparatus required . — Suspended magnetised needle. Bar- 
magnet. Drawing-board, fitted up with sheet of paper, etc. 
(see Fig. 8). Nest of weights. Metre scale. 

(i.) Magnetic Effects depend upon Distance. — Suspend a 
magnetised needle i^s) so that it is swinging in a horizontal 
plane just above the surface of the bench ; mark its position of 

. rest. Place a bar- 


T 


magnet (NS) near to 
the needle and in 
the position shown 
(Fig. 7). Notice 
how the needle is 
deflected into a posi- 
tion such as by 
the force of attrac- 
The angle sos* is the angle of 
deflection. Vary the deflecting force by moving NS nearer to 
or farther from the needle, and notice how the angle of deflec- 
tion is modified. 


Fig. 7 .—Expt. i5(i.> 

tion exerted by the pole N. 


Is there any simple relation between the deflecting force 
and the angle of deflection ? An experiment in which the 
deflecting force is due to gravitation affords the simplest* 
method of obtaining information on this point. 

(ii.) The Tangent Law.— -Fasten a sheet of white paper on 
a drawing-board which is clamped in a vertical position. Fix a 
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small nail at the point O (Fig. 8). Suspend from O a string 
carrying a scale pan (of known weight, p). Fix an aluminium 
pulleyr wheel at P,and pass over the wheel a second string, looped 
at Q, and carrying a scale pan (weight /) at the other end. 



Place a weight W in the pah so that the total weight is ao 
grams. Adjust the string PQ so* that it is quite horizontal, 
and draw the line PQ in pencil by means of a straight-edge. 
Measure the length OQ. Place a weight in the pan so 
that the total weight is 5 grams. Adjust Q till PQ is again * 
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horizontal, and mark the point S. Carefully measure QS 
Increase the eight so that {w+p) lo grams, and 
repeat the previous process , also when {iv +/') is 15 giams , 
and so on In this experiment the fotie (F) is the 

weight and the angle QOS is the angle of dt flection 

Tabulate your results in the folloj^ing manner — 



(<^/) 

1 I. of gOs«-^y 1 






From these results the following rule may be deduced — 
The tangent 0/ the angle of deflection is proportional to the 
deflecting force, (This is usually teimed the Tainfent Law ) 

(ill ) Direction of the Resultant Force. The same appar- 
atus may be used to prove that the direction taken up by the 
string OS coincides with that of the resultant of the two forces 
(W -k-p) and {w-^p) 

When («£'+/)= 5 grams, mark a distance proportional 
to {w + p') in any suitable scale (making, say, i cm to repre 
sent I gram). Similarly mark a distance hh to represent tlfe 
force (W +/) to the same scale. Complete the ‘paiallelogram 
Sach, and draw the diagonal Sc Produce OS by means of a 
straight edge, and note how closely it coincides with S^ 
Repeat these observations for the other values of (to + p') 

The Tangent Law holds good with magnetic forces as 
well as with gravitational force. In any given position the 
earth exerts a constant force on* the poles of a magnetised 
needle, which tends to remain pointing in one definite 
direction. * Other magnetic forces may be compared by 

* A table of the arithmetical values of the tangents of angles from i® 
to 90® IS inserted at the end of the book (pp. 230. 231) 
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observing the angle of deflection which they successively 
cause when placed, east or west of the needle. This principle 
may be used to determine how the magnitude of the force 
varies with the distance of its source from the needle upon 
which it is acting. 

16. The Law of Inverse Squares 

Apparatus required . — Magnetometer (see note 4, p. 216;. 
Magnetised knitting-needle (at least 45 cms. long). 

(i.) Adjust the magnetometer so that the pointer is over 
the zero of the circular scale, and place the magnet on the 
right hand scale, with its near pole 1 5 cms. from the needle, 



Fig. 9. — Construction of a magnetometer. 


and note the deflection (by reading both ends of the pointer, 
and taking the mean of these readings). Repeat these read- 
ings with the magnet on the left hand scale, and at the same 
distance from the needle. 

Carry out the same experiment at distances 20 cms., 25 
4:1ns., etc. 

Record your observations in the following manner : — 


Distance. Deflections. 

Mean Deflection, B. 

tan B. 

tan0x(distance)8. 

15 cms. 

(>••)) 

(“•)J 

(iii.)] 

(iv.)i • 

')■ 

• 
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In this experiment we know that the force is proportional 
to the tangent of the angle of deflection. If the product 
(tan d X distance) were a constant quantity, we should con- 
clude that the force varied inversely as the distance. But, 
in this case, we And that a constant quantity is given by the 
product (tan B x (distance)^) ; which proves that the force 
varies inversely as the square of the distance. 


Additional Exercises 

1. Two long magnets are placed vertically with their north 
poles (A and B) at the same level as the north pole (C) of 
a compass-needle, one being magnetic east and the other 
magnetic west of C. If the compass is not deflected when 
the distance AC is twice BC, and if all the magnets are so 
long that the effects of their south poles may be neglected, show 
what are the relative strengths of the poles A and B. (1887.) 

2. A compass-needle is suspended at the centre of a circle 
drawn on a horizontal table. A magnet is moved round the 
compass so that its centre always lies on this circle, and that 
its length always points magnetic east and west. How and 
why will the position of the compass-needle change as the 
magnet is carried round it ? (1887,) 




CHAPTER IV 

The Poles of a Magnet, and the Resultant 
Magnetic Field 


17. The Poles of a Magnet 

Apparatus required, — Magnetised needle. Short bar- 
magnet. Iron filings. Compass-needle. Drawing-board and 
sheet of paper. A straight-edge. 

(i.) Magnetic Poles. — Dip a magnetised needle into iron 
filings. Note how the filings cling to the extreme ends (which 
are termed the poles), 

(ii.) Magnetic Begions. — Repeat Expt. 17 (io with a short 
bar-magnet. Note how the filings now cling chiefly to the ends, 
but that some also adhere even at a considerable distance 
from the ends. The poles^ in this case, do not appear to be 
well-defined points^ but rather regions of magnetic attraction. 

The poles* may be defined as tlye points of application of 
the resultant forces of attraction and repulsion which the 
magnet exerts on any magnet pole near to it. 

According to this definition the poles may be located by 
means of the fact that a compass-needle points with its axis 
in the direction of the resultant magnetic force at the point 
where it is situated. 

(iii.) Position of the Poles. — Lay a bar-magnet on a sheet 
)f white paper stretched on a drawing-board, and mark its 
position by passing the point of a pencil round its edges 

c 
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(Fig. lo). Place a compass-needle at and put pencil* 
marks in line with its poles to indicate on the paper the direc- 
tion in which It IS pointing ; lepeat at and ft^s^ Remove 



n, 


Fic la— Mt.chod o'* localising the pole of a magnet 


the magnet, and produce by means of a straight-edge the three 
directions obtained. Ihe point of intersection of these lines 
indicates the position of the pole of the magnet. 

A slight error is introduced if, in any of the selected 
positions, the compass>needle is not pointing due north, 
since the magnetic force due to the earth will make the 
needle point in a direction slightly different to that which 
would be due to the magnet alone 

(iv ) Repeat Expt. iii , but take the precaution to rotate 
the board so that the needle always points due north. Observe 
whether the pole occupies the same position in both experi- 
ments fill, and IV ). Note what fraction of the whole length 
of the magnet is the distance between the ^ pole and me 
extreme end. 


18. The Direction of the Resultant Force due to 
both Poles of a Magnet 

Apparatus required. — Bar - magnet. Compass - needle. 

Metre scale. Parallel ruler. Drawing-board and sheet of paper. 

(i.) Place the bar-magnet on the sheet of paper ; mark its 
outline in penc\l, and indicate the position of its poles by 
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* pencil dots. Select any point n (Fig. 1 1 ) near to the magnet ; 
join N;; and S;;, and measure their lengths. If a single north- 
seeking pole were placed at n, it would be attracted by S 



Fig. XI.— Method of determining the magnetic forces due to 
a bar«inagnct. 


and repelled by N, the relative magnitudes of these forces 
being inversely proportional to the squares of the distances. 
Calculate the values of {N;/)^ and Then 

Attraction by S : Repulsion by N : : (N;/)^ : (S«)2. 

Mark off distances ng and proportional in any suitable 
scale to (N«)2 and (S/r)-. 

* Complete ^the parallelogram nprg^ and draw the diagonal 
fir; this diagonal represents the direction of the resultant 
magnetic force due to N and S. The resultant force acting 
on a single seeking pole would act along the same 

diagonal, but in the reverse direction ; hence a short compass- 
needle will come to rest pointing along the diagonal. Verify 
this by replacing the bar-magnet on the pencil outline ; place 
the compass-needle with its centre over the point «, and rotate 
the board till the needle points due north. 

Repeat the experiment for other points near to the magnet. 
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Additional Exercises 

I. Determine, by the method of Expt. 17 (iii.), the position 
of the pole of (i.) a long knitting-needle strongly ‘magnetised ; 
(ii.) a shorter and broader magnet ; (iii.) a still shorter 
magnet. 

Note what fraction of the whole length of the magnet is the 
distance between the pole and the extreme end. 



CHA/’TER V 
Maps of Magnetic Fields 

19. Horizontal Map of the Earth’s Magnetic 
Field 

Apparatus required, — Large sheet of paper. Compass- 
needle. 

(i.) Fasten a sheet of white paper (8o cms. x 6o cms.) on 
a table, with one edge pointing approximately north and 
south. Mark off one of the edges pointing east and west 
into spaces about 5 cms. wide. Place a sensitive compass- 
needle so that one of its poles is just over one of the marks, 
and indicate by means of a pencil mark the direction in which 
the other pole is pointing. Move the needle until its first pole 
is exactly over the second pencil mark ; continue this process 
of marking the directions of the compass-needle until a series 
of marks have been obtained completely across the paper. 
Join up these points by a continuous pencil line. *Plot out 
other lines in a similar manner, in each case starting from one 
of the equidistant pencil marks at the edge of the paper. 
Indicate by means of arrow-heads the direction in which the 
north-seeking pole of the compass-needle tends to move ; this 
is called the positive direction of the magnetic field. 

The diagram obtained is a horizontal map of the earth’s 
magnetic field, so far as the limits of the paper will allow. 
Faraday, in 1837, termed the lines so obtained lines of 

* Since considerable time is r^uired in order to tmee out the maps 
described in Expts. 19 and so it is advisabte to auow two students, 
each with a compass-needle, to work together £ different portions of the 
same map. 
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magnettc force, ie lines which indicate the diiection in 
which the magnetic forces are acting. 

20. Maps of the Besultant Magrnetio Fields due 
to a Bap-magnet and the Earth 

Apparatus required . — Large sheets of paper. Bar-magnet. 
Compass-needle. 

(i ) With the North-seekinifPole of the Magnet point- 
ing towards the South. — Fasten a sheet of paper on the 



table in the same manner as m Expt. 19 (1 ) Determine 
accurately the north and south line by the compass-needle, 
and place a bar-magnet at the centre of the paper with its axis 
pointing north and south (north-seeking pole pointing south). 
Starting from a series of equidistant points marked along the 
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top edge, map out the lines of force in the same way as before 
(Fig. 12). 

Observe that the lines of force near to the magnet appear 
to emerge from the north-seeking pole, tracing out a curved 
path and re-entering the magnet at its south-seeking pole. 
At greater distances the lines of force appear to be those 
due to the earth, which have b%en distorted by the presence 
of the magnet. Also observe that there are two regions 
{fpiarked X) in which the magnet’s effect is exactly neutralised 
by that of the earth, and in which the needle will conse- 
quently come to rest iq any position with equal readiness ; 
these regions are termed neutral points. 



Flo. la.—Saikie a$ Fig. za, but with N. pole pointing north. 


(ii.) With the Sooth- Beeking Pole of the Kocnet 
pointbig towards the Sooth. — Conduct the experhnent m 
exactly the same manner as described in Expt .ea 
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Fig. 13 indicates the general character of the map which 
should be obtained. 

Observe how the lines of force due to the earth appear to 
be drawn together by the magnet, and how the more distant 
lines are distorted. The neutral points are now east and 
west of the magnet. 

(Hi.) With the Axis of the Uagnet lying East and 
West. — Repeat the preceding experiment, with the magnet 
lying east and west. 

21. Iron*flling Maps of Magnetic Fields 

Apparatus required . — Pair of bar-magnets. Horse-shoe 
magnet. One cylindrical bar-magnet. Iron filings. Strips 
of wood of same thickness as magnets. Paraffined paper (sec 
note 5, p. 217), Bunsen burner. 

Accurate maps of the field near to a magnet may be 
obtained by means of iron filings, the method depending 
upon the principle of magnetic induction whereby a piece 
of soft iron, when placed m a magnetic field, becomes 
magnetised by induction. Soft-iron filings may be used 
for the purpose ; each fragment will become a temporary 
magnet, and, if free to move, will behave in the same 
manner as a compass-needle. 

Obtain maps of the magnetic fields due to tlie following 
arrangements of magnets ; — 

(i.) One bar-magnet (Fig. 14). — Lay a piece of paraffined 
paper over the magnet, and support the edges of the paper, jf 
necessary, with strips of wood so as to keep it horizontal as 
possible. Sprinkle iron filings, contained in a gauze bag or 
pepper-box, uniformly over the paper. Gently tap the paper 
until the filings have taken up a definite position. Melt the 
upper surface of the paraffined paper by means of a Bunsen 
fiame, and allow the paper to cool. 

Obtain maps of the following in the same manner. 

(ii.) Two bar-magnets, side by side, with unlike poles to- * 
gether. 

(iii.) Two bar-magnets side by side, with like poles to- 
gether. 
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(iv.) Two bar-magnets, with their axes in line, and unlike 
poles together. 

(v.) Two bar-m^ets, with their axes in line, and like 
poles together. 



Flo. 14 — Magnetic fcld round a bar magnet* 


(vi.) One horse-shoe magnet. 

(vn ) One cylindiical bar-magnet, fixed in a vertical position, 
and the paper supported honzontally over the upper pole. 

22. Vertical Map of a Magnet’s Field 

A/>parafi4S required, — Large bar-magnet. Small sewing- 
needle. Silk fibie Wooden clamp. Spnal of wire and 
Ijuttery for magnetising needle. 

(i.) Attach* a silk fibre to a small sewing-needle and adjust 
the fibre so that the needle is exactly hoi izontal when swinging 
freely. Magnetise the needle by placing it inside a spnal of 
wire through w'hich an electric current is passing. Clamp a 
large bar- magnet in a horizontal position and support the 
needle vertically over, and under, the magnet in a series of 
different positions. It will be evident that the general contour 
of the \ertical magnetic field is the same as that of the 
hoi izontal. 

In fact, iJu distribution of the lines offeree is the same in all 
other planes a\ ^ell a^ in the horisontal and vertical. 
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23. Physical Attributes of Hagnetle Lines of Force 

Apparatus required, — Bar-magnet. Two sewing-needles. 

A very instructive analogy, due to Faraday, compares the 
properties of magnetic lines of forces to the forced which 
would be exerted by stretched elastic threads (coinciding in 
direction with the lines of force), which tend to shorten from 
end to end and to repel one another from side to side. It 
is also important to notice tliat lines of force always connect 
regions of opposite magnetic polarity. Verify the above 
analogy by the following simple experiments : — 

(i.) Tendency of Lines of Force to shorten. — Magnetise 
two sewing-needles and lay them on a smooth table, parallel to 
each other and about i cm. apart, with unlike poles together. 
Notice how the needles immediately roll towards each other. 
Draw a simple diagram of the magnetic lines of force between 
the two needles, and describe how the diagram explains the 
reason why the needles should ^11 towards each other, 

(ii.) Bepulsion of *Lines of Force.— Place the two needles 
side by side and in contact with each other, and with like 
poles together. Observe the separation which takes place as 
soon as the needles are free to move. Sketch the lines of 
force, and explain the effect observed. 

24. Tendeney of a Single Magnet-pole to travel 
along a Line of Force 

Apparatus required. — Large shallow dish. Long bar- 
magnet. Sewing-needle. Piece of cork. 

(i.) Support a bar-magnet, 20 cms. long, near and parallel 
to the edge of a large photographic dish filled with water. 
Magnetise a short fragment of sewing-needle, and fix it through 
a small piece of cork so that the needle can float freely in a 
vertical position. Let the north-seeking pole of the needle be 
uppermost. If floated near to the north-seeking pole of the' 
magnet the fepulsion of the similar pole of the needle will be 
stronger than the attraction of the opposite pole of the needle, 
since the, latter is more distant. The needle will slowly travel 
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over the surface of the water, tracing out a curved path c<m- 
necting the north- and south-seeking poles of the magnet 


25. Lines of Equal Magrnetic Potential 

Ap^rutus tequtred — Two bar-magnets. Compass-needle 
With crosb bar Sheet of paper 

A single magnet-pole tends to move along any line of 
force in a definite direction, and work has to be done on the 
pole in order to move 
it along the line 
of force in the 
opposite direction 
But no work is neces 
sary in order to move 
It at right angles to a 
line of force, and lines 
may be diawn, in any 
magnetic field, which 
will indicate the direc- 
tions in which a 
magnet pole may be 
moved without the 
expenditiue of any 
work Such lines are 
called Lines of Equal 
Magnetic Potential 
These lines may be 
readily mapped out 
by means of a com- 
pass-needle provided 
with a short brass 
cross - bar, fixed at 
right angles to its 
length * 





If IG 15 — rhe thick knch indicate lines of equal 
magnetic potential 


(i) Place two bar magnets on a sheet of paper with their 
axes in line, and with unlike poles about lo cms. apart (as 

' An excellent compass-needle of this pattern may be obtained from 
Messrs Philip Hams & Co , Edmund Street, Birmm^rn. 
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shown in Fig. 1 5). Map out about seven or eight lines cf 
force by means of the needle, and the same number of lines 
of equal potential by means of the cross-bar. The former arc 
represented in the figure by doited lines, and the' latter by con- 
tinuous lines. A line of equal potential is everywhere^ right 
angles to the magnetic force. 


Additional Exercises 

1. Map out, by the compass-needle method, the resultant 
magnetic field due to the earth and a bar-magnet, when the 
axis of the bar-magnet makes an angle of 45*" with the magnetic 
meridian. 

2. Map out, by the compass-needle method, the resultant 
field due to the earth and two bar-magnets, which are placed 
parallel to one another, 20 cms. apart, with their axes in the 
magnetic meridian and unlike poles together. 

3. Repeat Question 2, but place the magnets with like 
poles together, and with the north-seeking poles towards the 
south. 

4. Repeat Question 3, but place the magnets with their 
south-seeking poles towards the south. 

5. Obtain a map, by the iron-filing method, of the field due 
to two bar-magnets placed at right angles to each other and 
not in contact, the axis of one passing through the middle 
point of the other. 

6. Place a bar-magnet on the table with its axis in the 
magnetic meridian, and with its south-seeking pole towards the 
south. Find the direction in which a compass-needle points 
when held immediately above the magnet, and observe whether 
the direction alters as the needle is gradually raised vertically 
upwards. Can you detect a neutral point ? If so, measure its 
distance vertically above the needle. Find the positions of the 
neutral points east and west of the magnet, and measure their 
distances from the magnet. 

7. Iron-filmgs are scattered on a piece of cardboard which 
is placed over a horse-shoe magnet and tapped. What 
dififerences would be observed in the arrangement of the filings 



CHAP. V 


ADDITIONAL EXERCISfes 


29 


When the ends of the magnet were joined in turn by bars of 
(i) steel, (2) soft iron, and (3) copper ? (1896.) 

8. Map out, by means of a compass-needle, about 8 or 
10 lines of force in the field due to a single bar-magnet. 
Also, n\ap‘out the same number of lines of equal magnetic 
potential. 

9. Lay on a sheet of paper a strip of unmagnetised soft iron 
(about 30 cms. x 4 cms.) with its axis in the magnetic meridian. 
By means of a compass-needle map out the directions of the 
lines of force of the earth’s field in the regions near to the ends 
of the iron. 



CHAPTER VI 
The Earth\s Magnetic Field 

26. Induction due to the Earth’s Field 

Apparatus required , — Narrow strip of galvanised iron (about 
40 cms. long). Compass-needle. 

(i.) Hold a strip of thin galvanised iron so that it is pointing 
approximately north and south. Tap it gently with the 
knuckles. Test its polarity by bringing its ends near to a 
compass-needle. The end pointing towards the north has 
acquired north-seeking polarity. Now hold the iron with its 
north-seeking pole pointing towards the south, and again tap 
it. Notice that its polarity is now reversed. Finally, hold the 
iron in an east and west position and again tap it. Notice that 
all polarity has disappeared. 

The tapping may even be dispensed with if the soft iron 
is simply kept in position and the compass-needle is brought 
near to its ends in order to detect the polarity. 

Evidently there are lines of magnetic force originatiif^ 
from a region of north-seeking polarity in the rfeighbourhood 
of the south geographical pole, and traversing the earth’s 
surface towards a region of south-seeking polarity in the 
neighbourhood of the north geographical pole. 

27. The Lines of Force due to the Earth are not 
Horizontal 

Apparatus required , — Long unmagnetised knitting-needle. 
Silk fibre. Sealing-wax Bar-magnet. 

(i.) Suspend a long knitting-needle by tying a silk thread to 
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U, and adjust the thread so that the needle swings horizontally. 
Carefully magnetise the needle without disturbing the position 
of the thread. Observe that the needle now dips down with 
its north-seekmg pole downwards. 

Since the needle naturally tends to take up a position 
a/o/fg the lines of force^ it follows that the latter must be 
inclined to the horizontal. 

The angle between the axis of a magnetised needle^ which 
is free to move in the vertical plane of the meridian^ and the 
horizontal lim through its point of support is called the Dtp, 

28. Determination of the Magnetic Meridian 

Apparatus required, — Bar- magnet. Suspension. Two 

square pieces of thin cardboard. Soft wax. Pins. 

(i.) Bore circular holes through two square pieces of card- 
board, and fasten silk fibres across the holes (Fig. i6). Attach 
these to opposite end-faces of a bar-magnet, and suspend the 
magnet above the table by means of a silk loop and a bundle 



of unspun silk fibres. Bring the magnet to rest, and mark the 
direction of the line joining the points of intersection of the. 
silk fibres by means of brass pins fixed into the table. Reverse 
the magnet so that the cross-fibres are now below the magnet, 
and mark the direction db\ The line bisecting the angle 
between ab and db* is the magnetic meridian. Also, since 
the magnet comes to rest with its magnetic axis coinciding 
with the magnetic meridian, a line drawn on the face of the 
magnet in the same vertical plane as the meridian will indicate 
the direction of the magnet’s magnetic axis. 
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29. Simple Dip Needle 

Apparatus ftqinreit ~A bimple form of Dip needle (see 
note 6, p 217) 

(1.) Place the needle on the kniie edgCb with its axle com 
cidmg ith the centre of the circular scale Determine the 
magnetic meridian by means of a compass-needle, and mark 
the direction of this on tiie table. Place the needle so that it 



0 ) 

Fig X7 —A simple form of dip needle 


swings freel> in the vertical plane of the meridian. Observ*e 
the angle of dip Make the nctdlc swing slightly and again 
observe the dip Repeat seveial times Lntti each obscr\ation 
in )our note-book, and detennine the average value of the dip. 

30. Determination of Dip, by Induction in 
Soft Iron 

Apparatus required, — Long stnp of galvanised iron. 
Magnetometer, 
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When a piece of soft iron is held in the earth’s field, the 
maximum degree of magnetisation is obtained when the iron 
is held so that its axis pointi 
along the lines of force. But.JSr 
the total force in this direc- 
tion may be regarded as the 
resultant of two weaker forces, 
one horizontal, and the other 
vertical. In Fig. iZ^nl repre- i 
sents the magnitude and direc- 
tion of the force acting on a 
single north-seeking pole, 

If the iron is held horizontally 
the deg ree ^ of magnetisation 
will depend directly upon the J" 

magnitude of the horizontal „ „ 

force nH , if held vertically, ponents of a magnetic forte, 
the magnetisation will depend 
upon the magnitude of the vertical force nV. 

But tangent of the angle of t)ip (H«I). 



The degree of magnetisation in these two positions may be 
compared by comparing the forces which the iron exerts on a 
magnetometer needle, assuming that the distance between 
the iron and the needle is the same in each case. 

(i.) Place the magnetometer with its cm. scale at right angles 
5 the meridian. 1 est the galvanised iron to verify its freedom 
om permanent magnetisation. Hold the iron vertically with 
s lower end touching the scale of the magnetometer, and 
t>out 7 cms. distant from the needle. Note the deflection and 
le distance. Remove the iron and carefully demagnetise it by 
upping while held east and west. Hold the iron horizontally 
the meridian with its northern end at the same distance from 
e needle as before. Note the deflection. Reverse the ends 
the iron and repeat the observations. Bear in mind that 
e forces are proportional to lAe tangent of the angle of dejlec- 
m. Tabulate the results as follows 
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Vertical Portion | Horizontal Position 

Tangent of 
\nglc of 1 >ip 

Dip 

' 

1. 

2 . 

(i) 

Deflection 

1 ingent of(i) 

4 

(3) 

Ilcfliction 

(4I 

1 in^tnt of (3) 







81. Accurate Determination of Dip * 

-An accurate form of Dip cnc Jc, 


-7 lie observation’s must be earned 
to avoid the following* possible 


A/>fartiius 
J^air of bai -magnets. 

Theory of Adjustments. 

out systematically in order 
errors : — 

(a) The line joining the 90* reading on the upper and Imver 
scale may not be veittcal — 7 his eiior is corrected by taking* 
one reading when the needle is in position, the instrument is 
then turned through ISC'* (by means of the hoii/ontal stale) so 
as to bring the needle into different quadrants of the \ ertical 
circle ; if the needle reads too low m the 
fir»t case, it will now read too high, and 
the eiror is coirectcd by taking the mean 
of these readings. 

(b) The needlds axle may not lotnade 
with the centre of the ^cale. — Let ns (Lig. 
19) represent the a\is of the needfc, 
giving scale readings at n and r. The 
correct readings should be n' and s\ 
The error is corrected by reading both n 
and and taking the mean of these readings, for it is ev ident 
from the figure that, if the reading n is too high, the leading 
of s IS too low to an equal extent. 



I'K.. 10. 


* The experiment, as here described, can only be carried out in detail 
With an elaborate type of instrument which is seldom available m Ele- 
mentary Physical Laboratories With simpler instruments the numerous 
adjustments are scarcely justifiable, but their strict observance by the 
student would still be highly itistrucUve. 
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{c)*Tke magnetic axis does not coincide with the axis of 
figure, — Let n*d (Fig. 20, I.) represent the magnetic axis of 
the needle ns. The readings n and s are incorrect — ^they are 



Fm.. 20. 

both too low. If the needle is reversed in its bearings (Fig. 
20, II.), then both readings are too high. The error is there- 
fore corrected by taking the average of these four readings. 

(d) 2 he centre of mass may be situated to one side of the 
centre of motion, — In the position indicated in Fig. 21, I., this 
eiror will cause the reading to be too high. But if the needle 



Fig. 21. 

is reversed in its bearings, as shown in Fig. 31, II., the 
reading will be too low. The correct reading is obtained by 
taking the mean of the two readings. 

{e) The centre of mass may be displaced along the axis of 
the needle, — This error is removed by reversing the poles of 
the needle. For if, in the first observation, the centre of mass 
should be above the axis of motion ^Fig. 22, L), thus causing 
the dip to diminish, the reversal of the poles will bring the 
centre of mass below the axis of motion (Fig. 22, II.), thus 
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causing the dip to increase. The mean of these ridings 
eliminates the error. 

(i.) Determination of the Magnetic Meridian. — This is 
determined by rotating the plane of free motion of the needle 



until the needle is vertical. This position indicates that the 
needle is only influenced by the vertical component of the 
earth’s magnetic force — the horizontal component is only 
tending to strain the axle of the needle. If the needle is now 
rotated through 90 ^ as observed on the horizontal scale, the 
plane of free motion will coincide exactly with the magnetic 
meridian. 

All the liable errors, except (^), are involved, and they are 
eliminated by taking the following eight readings : — 


Face of Instninient. 

Face of Needle. 

1 Readings of horizontal scale, 

1 when needle points to 90". 


^'s H / 

1 North pole (i.) 


1 South . . { 

South pole (h.) 

South . . - 



North . . ( 

(iii.) 






i 

South . , f 

(v.) 



North . • 

\ 


1 North . . -{} 

(vii.) 

,1 

(viii.) 

* * 

r ' ^ 1 



Take the mean of these readings, and rotate the 
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’ instrument until the scale>reading is (90 + 6 ). The plane of 
free motion of the needle now 'coincides with the magnetic 
meridian. 

(ii.) Detemination of the Dip. — Commence with the 
instrument facing east, and with the needle also facing easty 
read both poles of the needle. Reverse the needle on its 
bearings, so that it now faces west, and read both poles. 
Rotate the instrument through 180®, so that it now faces 
westy read both poles. Reverse the needle on its bearings, 
and again read both poles.* So far eight readings have been 
obtained, but the liable error (e) has not been eliminated. 
The polarity of the needle must now be reversed by the method 
of ** double touch,” and all the previous* observations repeated. 
Tabulate the results in the following manner : — 


■ 

Face of 
Instrument. 

Face of 
Needle. 

North Pole South Pole, 

North Pole. South Pole. 
(Polarity reversed.) 

/ 

East 



East 1 

f 

West . 



East 



West . 1 

West . 

1 

1 ! 


\ 

I 


The true Dip is obtained by calculatin^f the mean value of 
tj^ese observations. 


Additional Exercises 

1. The axis, about which a dipping needle is movable, is 
slowly rotated in a horizontal plane. Describe and explain 
the behaviour of the needle during one complete turn of the 
axis. (1894.) 

a. A bar of soft iron lies on a table at right angles to the 
magnetic meridian, and a compass*needle is plac^ at some 
distance (torn the bar with its centre on the aatis of the bar 
produced The end of the bar nearest to the needle being 
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kept in the same position, the bar is then turned round, upon 
the table, until it is parallel to the magnetic meridian, the 
fixed end of the bar being to the south. pescribe the 
behaviour of the compass (i) before, (2) during the rotation 
of the bar. ( 1 896.) 

3. A dipping needle can oscillate in the magnetic meridian. 

A long bar of soft iron held horizontally in a north and south 
direction is brought near to it from the south. How is the 
inclination of the needle to the horizon affected as the distance 
between it and the bar is gradually diminished ? (1892.) 

4. A rod of iron when brought near to a compass>needle 

attracts one pole and repels the other. How will you ascertain 
whether its magnetism is permanent or is due to temporary 
induction from the earth ? (1891.) 

5. What effect (if any) is produced (i) on the weight, (2) 
on the position of the centre of gravity, of a piece of steel by 
magnetising it ? Give reasons. (1887.) 

6. By means of a steel disc, magnetised along any unknown 
diameter, and a suitable suspension determine (1) the mag- 
netic meridian, and (2) the direction of the magnetic axis of 
the disc. 

7. If the direction of the magnetic meridian is known, how 
would you determine the magnetic axis of a magnetised steel 
sphere ? If the direction of the meridian is not known, what 
further observations would be necessary in order to determine 
both this direction and that of the magnetic axis of the 
sphere ? 



CHAPTER VII 
Internal Magnetic Fields 

32 . Magnetic Lines, of Force inside a Magnet 

Apparatus required , — A long piece of magnetised watch- 
spring. Iron filings. Paraffined paper. A test-tube fitted 
with cork, and filled with steel filings- A strong bar-magnet 
Compass-needle. 

(i.) Break a piece of magnetised watch-spring into three or 
four pieces, and place them on the table in line and with a 
short space interval between the broken ends. Make an iron- 
filing map of the magnets (by the method described in § 21). 
Notice how the consecutive broken ends appear to be con- 
nected together by lines of force. It would appear as though 
the whole length of the magnet were traversed by lines of 
force, which at one end emerge from the north-seeking pole 
and re-enter at the south-seeking pole, thus forming complete 
loops. 

The same result would be obtained if the magnet were 
broken into* a far larger number of fragments. In fact we 
may assume that the 'smallest possible fragment — the mole- 
cule — of a bar-magnet is a minute magnet in itself. We 
can imitate the process of magnetisation in the next ex- 
periment. 

(ii.) Fill a glass test-tube with steel filings loosely packed ; 
cork up the tube, and notice that it behaves towards a test- 
needle like an ordinary piece of iron. Magnelise the tube 
by single touch, or better, by means of a spiral of wire and 
electric current (§ 2, iii.). Observe that the tube now has 
opposite polarities at its two ends, and that the filings appear 
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to some extent to have arranged themselves lengthwise. 
Each hling has been magnetised, just as small sewing -needles 
w’ould have been magnetised by similar treatment. Each 
filing has its lines of magnetic force, which comfe from, and 
afterwards pass into, neighbouring filings, and which only 
appear at the ends of the tube where they emerge into the 
surrounding space. 

Empty the filings out on to a sheet of paper, mix well 
together, and pour them back into the tube ; again test for 
polarity. 

The polarity has been destroyed, and the tube again behaves 
like an ordinary piece of iron. 

By mixing the filings together higgledy-piggledy the 
magnetism of each filing is masked by that of neighbouring 
filings, w'hich group together to form a number of so-called 
“ closed magnetic chains.’’ 


33. Open and Closed Magnetic Chains 

Appara/ui required . — Three sewing -needles, magnetised 
to an approximately equal degree. Several small compass- 
needles. Iron filings, and paper. Bar-magnet. 


(i.) Closed Magnetic Chains. — Place two equally-magnet- 
ised darning-needles side by side, with unlike poles together. 
Take a map of the magnetic field with iron filings. Observe 
the behaviour of a compass -needle at various poinfs in the 



Fig. 33. — Three ma^ets forming a 
clobcd magnetic chain. 


neighbourhood. At a distance 
the whole arrangement bchav,es 
like a mass of. unmagnetised 
iron. * 

(ii.) Arrange three needles 
as shown in Fig. 23. Use the 
compasis-needle in order to find 
whether any external magnetic 
force can be detected in the 
space near to the needles. 

Under suitable conditions 
each line of force traverses 


the sides of the triangle taken in order, and no lines are found 



CHA1>. v« INTERNAL MACNETIC FIELDS 


4 t 


externally. Any such arrangement as that described in 
Expts. i. and ii. is termed a closed magnetic chain,. 


(iii.) Open Magnetic Chains. — Arrange the needles as 
shown in Fig. 24, and repeat 

Expt. ii. An external magnetic * 

field should be found between ^ * 

and jg. Determine the general 

direction of the lines of force, 

and indicate this by means of a 

diagram. 

Any such arrangement as 
this is termed an open mttgneiic I 
chain, I 

These experiments explain 

how the filings, in Expt. 32 1*10.84. — An open magnetic chain. 

(ii,), may remain magnetised, 

and yet show no external signs of theii^magnetisation. If 
the tube of filings is again magnetised, the “ closed chains ” 
will be broken up, and the filings will tend to arrange them- 
selves in line, with similar poles all pointing in the same 
direction. 


<iv.) Behaviour of Soft Iron in a Magnetic Field. — 
Place a group of ten or twelve small compass -needles as 
close together as possible. Make a diagram showing the 
directions in which the needles are pointing. Place a bar- 
magnet on the table, with its pole about 1 5 cms. away from 
the group. Make another diagram of the needles. Repeat 
vWth the magnet still nearer (say 10 cms. away). Notice how, 
as the magnet approaches, the needles tend to point more and 
more in the same direction. Now remove the magnet to a 
distance, and note how the needles swing back into their 
original grouping. This experiment resembles the behaviour 
of a piece of soft iron when placed in a magnetic field. 


34. The Effect of Soft Iron on the Field of a 
Bar^magnet 

Apparatus required. — Bar>magnet. Bar of soft iron. Iron 
filings Para£Sned paper. 
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(i.) Place the bar of soft iron near to the bar-magnet, as* 
shown in 25. The soft iron is temporarily magnetised, 

with south - seeking po- 
larity at the end D. The 
magnetic field of the bar- 
magnet is also affected. 
iMake an iron-filing map 
of the arrangement. 
Note how the distant 
side of the soft iron ap- 
pears to be “screened” 
from the influence of the 
bar-magnet 

35. Magnetic 
Screens 

Apparaius required^ 
— Bar - magneU Mag- 
netometer. Thick slab 
of soft iron. 

(i.) Support a bar- 
magnet on a wooden 
block about 20 cms. to 
the east or west of the 
magnetometer needle. 
Note the deflection. Interpose a slab of soft iron (2 cms. thick) 
and note the change of deflection. Place the slab in various 
positions and note the deflection in each case. Observe wHat 
position of the slab affords a maximum screening of the needle. 
(If a thick slab of soft iron is not available, the screening effect 
can be satisfactorily shown by using two or three thicknesses 
of galvanised iron sheet.) 



Additional Exercises 

I. Two circular rings of iron are magnetioed, the first by 
being placed between the poles of a strong horse-shoe magnet, 
so that the line joining the poles of the magnet is a diameter 
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of the ring, the second by havingtone pole of a bar-magnet 
drawn round it several times. Describe the magnetic state of 
each ring. (1894.) 

2. A compass-needle is deflected by a bar-magnet placed 
some distance away from it. How is the deflection modified 
(if at all) when a bar of soft iron is placed parallel to, but not 
touching, the magnet ? (1895.) 

If the magnet is placed horizontally in the magnetic 
meridian due south of the compass - needle, how will its 
action on the latter be affected if (i.) a plate of soft iron is 
interposed between the two, (ii.) a rod of soft iron is placed 
along the line which joins their centres ? (1891.) 
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magnet vibrating by bringing another magnet near to it for a 
moment. Note the time when the beam of light is observed 
to traverse the line of sight, and carefully count the number 
of subsequent passages in the same direction until 20 complete 
oscillations have been described (/>. until the beam traverses 
the line of sight for the 21st time). Calculate the number of 
oscillations which would be described in one minute ; call this 
number Repeat the observation at some other point of 
the room, and calculate the number^ of qsallations, de> 
scribed in one minute. Then if Ij, represent the magnetic 
intensities at the two places, 

I j! i * n^ : 


37. Experimental Proof of the Law of 
Inverse Squares 


Apparatus required. — Magnetoscope. Long bar > magnet. 
Metre scale. 


(i.) Place the bar-magnet on the bench with its axis in the 
magnetic meridian and with its north-seeking pole towards the 
north. Place the magnetoscope at a point in line with the 
axis of the magnet and 1 5 cms. distant from the north-seeking 
pole. The forces due to the magnet and the earth act in the 
same direction, and the square of the number of oscillations 
will be proportional to the sum of the forces. In order to 
eliminate the effect of the earth's held, it is necessary to deter- 
mine the number of swings due to the earth alone, and to 
subtract the square of this number from the square of the 
number described when the magnet is in position. 

Observe at a distance of 1 5 cms. from N. 

I, /f.ji ,1 10 cms. ,, 

„ when the magnet is removed to a distance. 

Then if = force due to the magnet at a distance of 
1 5 cms, and ~ force due to the magnet at a distance of 
10 cms, 


If the Law of Inverse Squares is correct, then 


^-2 
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Tabulate your results in the following manner ; — 



38. Equality of Strength of the two Poles of a 
Bar-magnet 

Ap/taralus required , — Short bar mag^net. Sheet of paper. 
M aj*netoscope. Stop-watch. 

(i.) Lay the bar-magnet on the sheet of paper, and adjust 
it so that the axis of the magnet is exactly in the magnetic 
meridian. Mark out two points on the paper and along 
the axis of the magnet produced, one of them north of the 
magnet, and the other to the south, and at the same distance 
from the magnet. Determine the time of vibration of the 
magnetoscopc when placed at these points. The two poles of 
the magnet will be proved to be equal in strength if the time 
of vibration is the same at the two points. 

39. The Distribution of Magnetism along a 
Bar-magnet 

Apparatus required , — Long bar magnet. Magnetoscope. 
Mgtre scale. Tw o wooden clamps. Stop-watch. Squared paper. 

(i.) The Obaervations. — Mark, by means of a pencil, the 
middle point of the magnet. Clamp the magnet vertically 
with its narrow edge facing due north, and w^ith its north- 
seeking pole downwards. Remove the cork base of the 
magnetoscope, and support it vertically in a clamp, at such a 
height that the needle is at the same level as the middle point 
of the magnet. Place th|5 raagnetoscope as close as possible 
to the magnet and due north of it 

Remove the magnet to a distance, and determine the num- 
ber of swings, described in one minute, due to the earth alone. 

Replace the magnet in its original position, and again 
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determine the number of swings, described in one minute. 
Raise the magnet two cefitimetres, and. again determine 
Proceed in this manner until six or seven independent observa- 
tions have been made opposite different points of the bar-magnet, 
taking care in each case that the needle is at the same dis- 
tance from the magnet. Tabulate your observations in the 
following manner ; — 


I Vertical 

I Distance. 

«!• 

n» 






:ii.) Plotting the Besolts. — Draw the outline of the magnet 



Fits. 97. — Diagram of the intensity of the field near to a bar«magnet. 

on the squared paper, its length coinciding with the vertical 
lines. Mark the points opposite which observations were takeOi 
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and measure horizontal distances from each point, the distance 
in each case being proportional to the numerical value of 
(/Zj2 - n^) for that point. 

The curve joining the ends of these horizontal lines indi- 
cates how the magnetic intensity falls off towards the 
centre (Fig. 27). 


40. The Rate of Swing: of an Astatic Pair 

Afifiarafus required , — An astatic pair, with mirror attached, 
suspended inside a beaker or wide-mouthed bottle. Stop- 
watch. Candle and “ sigh ter.” 

If the two magnets, constituting the astatic pair (Fig. 28), 
have exactly equal pole stiength then 
the pair will come to rest in any posi- 
tion, and will not be affected by the 
earth’s field. In practice the pole 
strengths are seldom exactly the same, 
and the pair will behave like an 
extremely weak magnet, of which the 
pole strength is Wj - (where and 
are the pole strengths of the two 
needles, w, being the stronger). If the 
lower needle is twisted through 180°, 
so that similar poles are pointing in the 
same direction, then they will behave 
like a single magnet of pole strength 

+ //f^. 

•(i.) Determine the number of swings, 

//j, described 'in one minute Avith the 
needles in their normal position. Twist 
the lower needle through 1 80% and again determine the number 
of swings, ;/j^, described in one minute. Then 

r 2 



Fig. a8.— An astatic 
pair. 


w, — ///, n 




\ 


or. 




This ratio indicates the ratio of the pole strengths of the 
two needles. 

£ 
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41. Work done in moving a Magnet Pole from one 
Surface of Equal Potential to another 

Apparatus required. — Drawing-board. Sheet of paper. 
Bar-magnet. Magnetoscope. Compass -needle (with cross- 
bar). Stop-watch. 

In Fig. 29, let the continuous lines represent portions of 

lines of magnetic force, 
and the dotted lines re- 
present lines of equal 
potential. The experi- 
ment is to prove that the 
work required in order to 
move a north - seeking 
pole from i to 2, or from 
3 to 4, or from 5 to 6, is 
equal in each case. 

The work required^ 
enterage force x distance. 

We can obtain an ap- 
proximate comparison of 
the average force by ob- 
serving the rates of swing 

of the magnetoscope needle at the middle points a^ and c. 

(i.) Place the bar-magnet on a sheet of paper, and mark 
the outline of the magnet in pencil. Trace out, by means 'of 
a compass-needle, portions of three lines of forces, and of two 
lines of equal potential (as shown in Fig. 29). Determine, as 
carefully as possible, the middle points a^ and r, and measure 
the length of the lines 1-2, 3-4, and 5-6 ; the cunted Imus may 
be measured more conveniently by using a narrow strip of 
paper, the long edge of which is made to trace out the curved 
line, and the required points marked in pencil. 

Place the magnetoscope at point and determine the 
number of vibrations in one minute. Repeat this at the 'points 
b and c. 

Tabulate your results in the following manner 



Fig. 29. 
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Line. 

Distance between 
Equipoteiilial lines (<0- 

Vibrations in 
one 

minute (n). 

(rfX«8). 






* 


The results show that the work done m moving a magnet 
pole from one surface of equal potential to another is the same^ 
whatever path is traversed. 


ADDifioNAL Exercises 

1. Compare by the method of vibration the two magnetic 
fields as arranged. (Inter. County Sch,, L.C.C. 1900,) 

2. A bar-magnet which. can move only in a horizontal 
plane is caused to vibrate at three different stations, A, B, and C. 
At A it makes 20 vibrations in i minute 30 seconds ; at B, 25 
vibrations in i minute 40 seconds ; at C, 20 vibrations in 
2 minutes. Find three numbers proportional to the forces 
which act upon the magnet at the three places. (1888.) 

3. If a soft iron pillar were buried vertically in the ground 
wHht effect would it produce on the times of vibration of two 
compass-needles to the north and south of it respectively ? 
(1892.) 

4. An iron pillar stands vertically in the centre of a room 
in which the direction of the magnetic meridian is known. 
Assuming that there is no other iron in the neighbourhood, how 
would you determine what part of the horizontal magnetic force 
at a given point in the room, magnetic north or south of the 
centre of the pillar, is due to the pillar? (1895.) 

5. A bar-magnet is placed with its centre due east of a 
compass-needle, and with its axis parallel to the magnetic 
meridian. How will you detem^ine whether the intensity of 
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the magnetic field at the needle is increased or diminished ? 
Further, how will you compare the field with that which existed 
there before the bar-inagnet was brought near ? (1896.) 

6. Two magnets are placed horizontally on a large sheet of 
white paper. You are supplied with a small compass, a pencil, 
and a watch. Assuming that the earth’s field may be 
neglected, how would you trace the lines of force due to the 
magnets, and determine points at which the intensity of the 
magnetic field was equal ? (1898.) 

7. Compare the magnetic force due to a given magnet at 
two points, A and B. A is a |X)int on the prolongation of the 
axis of the magnet, and li is a point on the line through 
the centre of the magnet at right angles to its axis. A and B 
are equally distant from the centre of the magnet. (Lond. 
B.Sc., 1896.) 

8. Determine the rate of swing of the needle of a magneto- 
scope at any point. By repeating the observation determine 
to what extent the horizontal intensity of the earth’s field is 
modified when a strip of unmagnelised soft iron (about 30 cms. 
X 4 cms.) is placed at different distances from the magneto- 
scope, and with its axis in the magnetic meridian and in line 
with the centre of the needle of the magnetoscope. 




CHAPTER IX 


Magnetic Moments 


When a magnet is swinging in the earth’s magnetic field 
the force acting on each pole is represented by 

F = mx H. (See Chapter VIII.) 

Let ns (Fig. 30, I.) represent a swinging magnet, of which 
the pole strength is ni\ and let NS represent a bar magnet, 



Fig. 30. 


of which the length is 2/, and pole strength and which 
is placed with its axis in line with the centre of ns and lying 
exactly east and west. Let d be the distance * between the 
centres of NS and ns. 


The force of attraction on w, due to S, = 
the force of repulsion on due to N, = 


mm* , 


mm' 
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The resultant force on ty=mpn'( * — * ) 

\(«-0' {u-^l)/ 

.( Aid \ 

The needle ns will be deflected through an angle a, sue h that 

y»<'H = tJUJo (Kig. 30, II.), 

^mld „ ^ , 

or, ^^^_^j-^-.Htana. 0-) 

But, the moment of the magnet NS is defined as the 
strength of one pole y. length of magnet — my ^l. This 
product is usually denoted by the symbol M. — Hence 
equation (i.) becomes 

M X 2ii ^ 

M (</»-/2)» . , , cf’ 

or, ^ tan o (or, approximately), _ ^ tan a. 

42. Comparison of the Moments of two Magnets 
by the Deflection Magnetometer 

Apparatus required. — Deflection magnetometer (see § 16). 
^ ^ ^ Two small bar-mag- 

mmmmmfmmt j nets (marked A and 

^ B). 

(i.) First Method. 

A'* . u — Adjubt the ma'g- 

^ * netometer so that its 

arms arc perpcndicu- 
^ lar to the magnetic 

mmtmmmJm ^ M meridian. Place the 

4 ’ bar>magnet (marked 

A) on the right-hand 
NS ^ ^ nr magneto- 

*****"*"*^ ^ meter, and with its 

Fk,. 3,. centre 1 5 cms. away 

from the middle (Fig, 
31,1.;. N ote the deflection. Reverse the magnet (Fig. 31 , 11 .), 
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and again note the dedectioa Repeat these observations 
when the magnet is on the left-hand arm of the magnetometer 
(Fig. 31, III. and IV.). Tabulate the observations in the 
following manner : — 



M 

Talce the mean value of ~ ~ in the fourth column, as the 
rl 


correct value. 

Observe that less concordant results are obtained when the 
approximate formula, in the last column, is used. 

Repeat these observations, using the magnet marked B, 

and calculate the value of _ 


Calculate the ratio = 

^ H / H Mg 

(ii.) Second'Metbod. — The moments of the msignets A and 
B may also be compared in the following manner : — Place the 
two magnets on opposite sides of the magnetometer so that 
they simultaneously tend to deflect the needle in opposite 
directions. Alter the distances ei^ and until the deflection 
is zero. Then 

_ Mb g 


or, 
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43. Comparison of the Moments of two Magnets 
by the Method of Vibrations 

Apparatus required , — Two bai-maj^nets (maiked A and 
li, the same as used in 42}. C'ase in which to suspend 
magnets (Fig 32. See note 8, ]). 218). Stop-w^atch, eu. 


Jig — Altcrnatne metbud of 

susi>« tiding; 

If a magnet is swinging freely, 
the time of one complete oscilla- 
tion IS given by the formula 


'/J 

V Am’ 


j2 — Itox for dctt-rmiiiin^ \ibia> 
tioij periods of riiaf;n«.(s 


01, aMH-- 


(where I = the Moment of Incitia, which can be calculated from 
the weight and dimensions of the magnet).* 

* I-or a .yhnarical magno., I x weight. 

„ recta^gula. . 1 = x weight. 

(See Stewart and f ice’s Practual Phvsics, vol. i. p, 242). 
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• (i.) Carefully measure the dimensions and weights of the 

two magnets, and calculate their Moments of Inertia (I j and Ig). 
Determine the times occupied by one complete oscillation 
and /g). 


Then 


MaH - 




and 


01 , 


M„H ^ 
Ma 

Mr 




V 


I, V 

f- 


T.ibulate your observations in the following manner.-- 


MuinciUs of 

1"' 

1 line of one 

h ^ A/-* 

liu rtn 

Complete Vihralion 

fl- I2* 

Magnet A : — 

''1- 

1 ' 

Magnet H 


1 


44. Determination of the Horizontal Intensity of 
the Earth’s Field 

M 

Since the. value of and of MH can be detennined 

(see 42 and 43 respectively) for any given magnet, we can 
use these results in order to determine the value of H, since 

MH 


Hence H -= / x 


2rf 

tan a 

(i.) Use the numerical results obtained in §§ 42 and 43 for 

Make 


M 


the value of and MH, and calculate the value of H 
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this calculation from the results obtained with both magnets* 
(A and B), and thus obtain two independent values for H. 

45. The Effect of a Rise of TemperatiiFe on the 
* Moment of a Magnet 

Apparatus required , — Large evaporating basin containing 
some heavy oil {e,g, linseed oil). Tripod and gauze. Centigrade 
thermometer. Wooden clamp. Short bar-magnet, or a piece 
of strongly magnetised knitting r needle. Magnetometer. 
Squared paper. 

(i.) Place the magnetometer with its arms north and 
south, and raise it until the needle is at the same horizontal 
level as the magnet, which is contained in the dish of oil 
supported on the tripod immediately to the east of the 
magnetometer needle. Support the magnet so that its axis lies 
east and west. Clamp the thermometer so that its bulb is 
immersed in the oil. Take^a series of simultaneous readings 
of the deflection and the temperature, both when the oil is 
being heated and when it is cooling. Tabulate your results in 
the following manner ; — 


Temperature. 

Deflection (a.) 

Tall a. 





Hot these observations on squared paper, taking the 
temperatures as abscissae, and tangents of the angle of deflection 
as ordinates. 

He. Aecurate Method of Oetemliiing H 

Aptparahts required * — Mirror magnetometer (see note 9, 
p. 2 1 9). Lamp and scale. Apparatus for determining time of 
vibration (see note 8, p. 218). Magnetised knitting-needle. 

In observing deflections by means of a reflected beam of 




CHAP. IX 


MAGNETIC MOMENTS 


59 


light, it is necessary to remember that the reflected beam 
moves through an angle which is twice as great as that’ 
through which the mirror moves. If L (Fig. 34) represents 
the lamjj artel the mirror, suspended from O, then OSj 
will be the direction of the reflected beam. If the mirror is 
now deflected through an angle a (represented in the diagram 
by the angle through which the normal to the mirror 


L 



Fir.. 34.— To illustrate that the ancle through which a reflected beam is 
turned i*) twice that through which the mirror is turned. 


moves), then OSg will be the direction of the reflected beam, 
and the angle (^) through which the beam moves = 2a. 

By measuring the distances S2S2 and S^O the angle S can 

be calculated, since tan 8 « —7^. For small angles, if 8 = 2a, 

* SjO 

we may, with sufficient accuracy, say that tan 8 s= 2 tair a. 


Hence, tan a = 




or, the tangent of the angle of deflection ~ 
deflection in cms. 

2 X distance of mirror jfrom cross wire. 


(i.) Determination of 


-Adjust the magnetometer so 


that its face coincides with the magnetic meridian, and level 



6 o EXERCISES IN MAGNETISM & ELECTRICITY part I 


the instrument so as to allow the mirror to swing freely. Set* 
up the galvanometer scale in the meridian and about 75 cms. 
distant from the mirror, and adjust its position so that the 
reflected beam of light coincides with the zero of the scale. 
Focus the cros» wire on to the scale by means of the lens. 
Carefully measure the distance of the scale from the mirror, 
and also the length of the magnet. 

Fix the magnet in the cork and carefully adjust it in a 
horizontal position, so that its axis is in the meridian and in 
line with the centre of the mirror. Note the distance of the 
near end of the magnet from the centre of the mirror, and add 
to this one half the length of the magnet (this will be the 
distance of the middle of the magnet from the mirror). Make 
another observation, with the magnet nearer to the mirror. 
Enter your results thus : — 

Determination of ~ : — 

H 

Distance of scale from mirror (D) = 

Length of magnet (2/) — 

Distance of near end of magnet from mirror {d) ~ (i.) 


n 


>» 


(./+/). 

JJeflection in cms. 


a. 

(i.) 




(ii.) 


• 



rom G.k 


M 


(//+/)» 


tan as= 


(**•)> >? »> 

Determination of MH. — Determine the time of one com- 
plete oscillation of the magnet by the method described in 
§ 43. If a watch with small seconds’ hand only is available, 
count sufficient^ oscillations to occupy at least 4 or 5 minutes. 
Carefully measure the length, diameter, and weight of the 
magnet. Enter your results thus ; — 
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Time of one complete oscillation (/) = 
Length of magnet (2/) ~ 
Radius „ (r) = 

Weight „ (w) — 


/ 2/1^ 

Moment of Inertia (I) - ( ' + -M x 

V 12 4 / 


w = 




Calculation of H : — 


Therefore H 




Additional Exercises 

1. In a given position the horizontal intensity of the earth^s 
fields 0*1 8, and the dip = 60'’. Find the total intensity of the 
earth*s field (cosine 60” = 0*5). 

2. A compass-needle makes 50 oscillations per minute at a 
place where the dip is 60°, and 48 oscillations per minute at 
another place where the dip is 70°. Compare the total mag- 
netic forces at the two places. 

3. At Cape Town the total magnetic intensity is 0*36, and 

the dip is 56° ; at London the total intensity is 0*47 and the 
dip 67''. If a magnet vibrating horizontally at London makes 
ito oscillations in a minute, how many oscillations will it make 
in the same time at Cape Town? (cosine 67“ = 0*39, cosine 
56° = 0-56). . . 

4. A short bar-magnet is placed on e table with its axis per- 
pendicular to the magnetic meridian, and passing through the 
centre of a compass-needle. In London the compass-needle 
is deflected through a certain angle when the centre of the 
magnet is 25 inches from the centre of the needle. If the 
experiment be repeated in Bombay the magnet must be moved 
5 inches nearer to the needle to produce the same deflection. 
Use these data to compare the horizontal forces in London and 
Bombay, (1895.) 
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5. Select two pieces of steel knitting-needle of equal length; 
Magnetise one of the pieces by stroking it 6 times with the 
pole of a bar-magnet, and magnetise the other by stroking it 
12 times. Compare the moments of the magdetrsed needles 
by the method of £xpt. 42. Place the stronger magnet in 
boiling water for a few minutes, and again compare their 
moments. 




PART II 

STATICAL .ELECTRICITY 


CHAPTER X 
Electrification by Friction 

47. Attraction and Repulsion 

Apparatus required . — Silk cord suspension and wire stirrup 
(Fig. 35 ). Rods of vulcanite and glass (see note lo, p, 220). 
Fragments of paper. Long uooden lath. I 

Round -bottomed flask and clamp. Silk 
and woollen rubbers. Piece of thin flannel 
and a clothes’ brush. Drying oven (see 
note II, p. 220). 

(i.) Electrified Bodies attract Un- 
electrified Bodies. — («) Rub a rod of 

vulcanite on the coat sleeve (or with 
flannel), and hold the rod over small frag- 
ments of paper lying on the table. Notice 
how the fragments are attracted. 

(b) Balance a long wooden lath on an 
inverted round -bottomed flask, and hold 
near to one end of it a rod of vulcanite 
which has been rubbed with dry flannel 
(or on the coat sleeve). Notice the attrac- 
tion. 

Repeat this experiment, but use a dry 
glass rod which has been rubbed with dry warm silk. 




64 EXERCISES IN MAGNETISM & ELECTRICITY part ii 


(ii.) Unelectrifled Bodies attract Electrified Bodies. — (a) 

Suspend an electrified rod of vulcanite, and hold the hand near 
to it. Note how the vulcanite is attracted. Repeat this 
observation, with glass rubbed with silk. 

(^) Rub a piece of dry warm flannel with a clothes’ brush, 
and notice how it clings to the wall of the room. 

(iii.) Mutual Action between Electrified Bodies. — (a) 

Suspend a rod of vulcanite which has previously been rubbed 
with flannel, and notice how it is repelled by another similarly 
electrified rod of vulcanite. 

(^) Repeat the previous experiment, using two glass rods 
rubbed with silk. Notice the repulsion. 

(r) Suspend an electrified rod of vulcanite, and hold near 
to it a rod of glass which has been rubbed with silk. Notice 
the attraction between the vulcanite and glass. 

((/) Repeat Expt. 47 (iii. ^r), but previously heat the glass 
tube by holding it />/ a Hiipiseti flame^ and rub it with silk 
while still hot. It will now be found to repel the electrified 
rod of vulcanite. If the glass rod is now allowed to cool 
completely, and then again warmed in the dryin^^ oven^ it will 
be found to have recovered its property of attracting the 
electrified vulcanite. 

It is usual to say that the glass rod is -^ly electrified^ 
and the vulcanite - ly electrified. The above experiments 
suggest the following rules : — (i.) Bodies %oith like charges 
repel one another, and bodies with unlike charges attract one 
another, (ii.) A charged body always attracts an uncharged 
body, o 

Expt. 47 (iii, d) indicates that glass becomes - ly electri- 
fied when rubbed with silk, if the glass has been previously 
heated in a Bunsen flame. The student should therefore 
carefully avoid warming the glass in this manner if a -f- ve 
electrification is desired. 

48. Relation between the kind of Electriflcation 
and the kind of Rubber 

Apparatus required . — Vulcanite and glass rods. Flannel 
and fur rubbers. Suspension. 
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( 1 ) Suspend an electrified rod of vulcanite. Bring near 
to it a rod of glass which has been rubbed wim fur. Note the 
repulsion, indicating that the charge on the glass must be 
negative. ^Jt has already been observed, in Expt. 47 (iii.), that 
glass becomes + ly charged if rubbed with silk. 


49. The Pith-ball Electroscope 


Apparatus required. — Pith-ball electroscope (see note 12, 
p. 220). RocU of vulcanite and glass. Silk and flannel 
rubbers. 


(i.) Hold a glass lod, previously lubbed with silk, near to 
the pith-ball. Notice the attraction of the ball. If allowed 
to come into contact with the 
glass, the ball is afterwards 
repelled owing to the fact that it 
has acquired a 4-ve charge from 
the glass. The ball is now said 
to be + ly charged. 

(li.) Repeat the previous ex- 
periment with vulcanite, rubbed 
with flannel. After contact with 
the vulcanite, the ball is said to 
be - ly charged. 


50. Conductors and 
Insulators 

apparatus required. — Pith-ball 
electroscope (Fig. 36). Vulcanite 
and flannel rubber. Metal wire. 
A Bunsen burner (or wax mafeh) 
rod. Cotton and silk thread. 
Oil, &c. 



Fig. 36.— Pitb-ball electroscq^ 


Strip of paper. Glass 
Charcoal. Paraffin - wax. 


(i.) Rub a piece of vulcanite with flannel. Bring it near 
to the pith-ball. The ball is attracted, and after rolling about 
slightly over the surface of the vulcanite acquires a charge of 
the same kind and is consequently repelled. Touch the 
thick copper wire with the Anger. The b^l is at once 
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attracted again the vulcanite, showing that the chaigc on 
the ball has escaped through the finger. 

(ii.) Repeat the expet iment, but touching the thuk wire 
with a strip of paper instead of with the fingei. The repulsion 
slowly diminishes, and the pith-ball is finally attracted oik e 
more. This shows that the chaige has slowly escaped through 
the paper. 

(ill.) Repeat the experiment, using lUy glass instead of 
paper. The repulsion lemains unalteicd, sliowing th.it the 
glass is a non-conductor (j.e, an insulatoi \ 

Repeat the e\pei iment with the following substances • — 
The fiameofa JJunsen burnei. Any metal wnc, <otton thicad, 
charcoal, wood, stone, wet glass, diy silk thicad, wet silk 
thread, sulphur, shellac, wool, paraffin-wax, silk thieacl dipped 
in oil, ebonite, etc. etc. 

Classify youi lesults in the following inannci — 


i 

Insulators 





iV./y. —Ca>t fully notue that anythuiy^ Itaifini^ moiilure on 
its surface is a condiutors and that it is therejore essential to 
keep all the apparatus thorouglilv dry, 

8l. Electrification of Conductors by Rubbing' 

Apparatus required — Pith-ball electi oscope. Rod oi 
vulcanite. Brass tube, or sheet of, /me, fastened on an 
insulating handle (Fig. 37). Fur. 

(i ) Hold the brass tube so that a finger is touching the 
metal. Flick the tube with the fui, and then hold the tube 
near to the pith-ball. Notice that there is no attraction 

If any change is acquired it is just as rapidly conveyed 
away along the metal (which is a conductor) througli the hand. 
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(ii ) Charge the pith-ball - ly Hold tfte brass tube by its 
insuLiting handle, and flick the metal with the fur Hold the 
tube near to the pith-ball, and notice the repulsion. 



ri< 37.— Appuitus for clectr jstat c expo 


By adoptini» siinilai pierautions we can show that all 
substances m«iy become electiified when lubbed with suitable 
material 

52. Simultaneous Production of Both Kinds of 
Electrification 

A/>/fa 9 ( 7 fus fcqtmed — Pith ball clectioscopc Small squaie 
of glass and a piece of fui, both mounted on insulating handles 
37) Ii^bonite rod , flannel cap and silk thread attached 

(1 ) Equal and Opposite Charges. — Holding the glass and 
the fui by the handles, rub them together Keeping them in 
contact, bung them neai to an uncharged pith ball No effect 
IS seen When the fui is lemoved, the glass alone attracts the 
pith ball The fur alone also attracts it Evidently both the 
glass and the fur aie charged , but since they have no effect 
when togcthci, the chaige on the fur must be equal and 
opposite to the negative charge on the glass To veiify that 
the fur IS positively charged, bnng it near to a pith-ball charged 
positively and notice the repulsion 
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(ii.) A&otber Method. — ^Another method of proving the 
same result is to place a loose-htting dannel cap, which is 
attached to one end of a long silk thread, over the end of an 
ebonite rod. Twist the thread round the chp and pull the 
thread so as to make the cap rotate round the end of the rod. 
As long as the cap remains on the rod no electrification can be 
detected. If the cap is removed (without touching it with the 
hand, but carefully supporting it by means of the silk thread) 
both will be founji to be electrified. 

58. Frictional Order 

Apparatus required , — Two pith -ball electroscopes. Vul- 
canite, glass, silk, fur, metals, etc. 

N.B. — In these experiments carefully remember, when 
using a pith-ball electroscope, that repuhion is the only sure 
sign that a body, held near to it, is charged. Hence it is 
advantageous to have two electroscopes, one charged + ly 
and the other - ly. 

(i.) Rub various pairs of the substances named below together, 
and determine in each case which is -f ly and which is - ly 
charged. Carefully tabulate these substances, so that any one 
of them will be charged + ly when rubbed with one lower on 
the list, but ~ ly when rubbed with one higher on the list. 
(Vulcanite, silk, paper, flannel, metals, ebonite, shellac, glass, 
sulphur, etc.) 


Additional Exercisks 

1. A pith-ball is suspended from a metal stand by a fine 
thread. If you have a strongly-electrified glass rod, how can 
you find out whether the thread is a conductor, or non-con- 
ductor of electricity ? 

2. A metal cup is placed on the plate of a gold-leaf electro- 
scope which is then chaiged. Separate drops of water are 
allowed to fall into it from a metal saucepan held in the hand. 
No effect is produced on the leaves, but when the falling 
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water becomes a continuous the electrddo^ 

once discharged. Explain these facts. (1894.) 

3. Two persons stand on insulating etools, and one strike 
the other several times with a piece of catskin. If a haQ4 nf 
each individual are brought near together a small spark is 
observed. Explain this. 



CHAPTER XI 
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54. Electric Fields of Force 

Apparatus required . — As shown in Fi^^s. 38 or 39 (see note 1 3, 
p. 220). Vulcanite. Two metal spheres (or wooden spheres 

coated with tinfoil or 
black-lead), each on 
an insulating stand. 
Wimshurst machine. 
Copper wire. 

The mutual 
forces of altrac- 
> lion and repulsion 
observed between 
various charged 
bodies closely re- 
semble the force^ 
betN^een magnetic 
poles. This simi- 
larity suggests 

Fig. 38. — Apparatus for mapping decti ic fielcts of force. that electrified 

bodies may be 

surrounded by an electric field of force, at any point of which 
an electric force will be acting in a definite direction. This 
direction may be indicated by a line of electric force, just as 
the direction of the forces in a magnetic field are indicated 
by magnetic fines of force. 

The methods of mapping out an electric field of force are 
far less satisfactory than in the case of a magnetic field. 
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The appliances shown in Figs. 38 and 39 are used for the 

purpose. 

(i.) Electric Field near a Charged Bod. — Charge a rod 
of vulcanite, and hold the paper strip 
near to it. Observe the direction 
in which the paper points when it 
is held near to various points of the 
vulcanite. Sketch the rod, and show 
by dotted lines the direction in which 
the paper points, when held in the 
various positions. 

(ii.) Near a Charged Sphere. — 

Charge one of tlie spheres by connecting it, by means of a 
wire, to one terminal of a >^imshurst machine, the other 

terminal of which is similarly 
connected to the nearest 
gas-pipe. Observe how the 
lines of force radiate out- 
wards from the sphere^s 
surface (Fig. 40). 

(iii.) Between Oppo- 
sitely-charged Spheres. — 

Place two insulated metal 
spheres about 50 cms. apart, 
and charge them oppositely 
by connecting them to the 
poles of a Wimshurst 
machine. Verify the general 
distribution of the lines of 
force as shown by dotted 
lines in Fig. 41. Make a simple sketch of this in your 
note-book. 

(iv.) Between Similarly -charged Spheres. — Connect the 
two spheres to the same pole of the Wimshurst machine, 
so as to give them like electric charges. Connect the other 
pole of the Wimshurst machine to the nearest gas- or water-pipe. 
Verify the distribution of the lines of force shown in Fig. 42. 
Make a simple sketch of this in your note-book. 

An Electric Field may therefore be regarded as consisting 


A 

^ i if 
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of electric lines of forces in the same way that we regard a 



Fig. 4x. — L ines of force due to two oppositely>ciiarged spheres. 


magnetic field as consisting of magnetic lines of force. #To 
these electric lines of force we attribute properties similar to 



those possessed by stretched elastic threads (viz. a tendency 
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to contract lengthwise and to expand crosswise). In this 
manner it is possible to obtain a clear mental conception 
of the mutual attractions, or repulsions, between electrified 
bodies. 

The Erection of the force in a magnetic field is arbitrarily 
chosen as that in which a single north^eeking pole would 
tend to move. In an electric field of force the direction 
of the force is arbitrarily chosen as that in which a -^ly 
charged body tends to move. Hence the lines of electric 
force may be regarded as running from a + ly charged body 
towards a - ly charged body. 

55. Electric Potential 

■4 

Work has to be done on any small + ly charged body in 
order to move it in the opposite direction to that in which 
it tends to move, and its Potential Energy (or, energy due 
to its position) will be thereby increased ; in other words, 
the + ly charged body would be conveyed from a point of 
lower potential to a point of higher potential^ but, if free to 
move of its own accord, it will travel from a point of higher 
potential to a poin^of lower potential. 

If, therefore, the space surrounding any +ly charged 
body is considered, it will be understood from the above 
reasoning that the potential is greater at points near to the 
charged body than at more distant points. But, in the 
space surrounding any - ly charged body, the potential is 
greater at more distant points than at points near to the 
body ; at a great distance the potential is zero^ hence the 
potential nearer to the charged body will have a ~ ve value, 
and the potential will become more and more - ve as we 
approach the - ly charged body. 

If the space between two oppositely charged bodies (e,g, 
Expt. 54 , iii.) is considered, it will be understood that a small 
+ ly charged sphere, w'hich is free to move, and situated 
near to the +ly charged body, will travel from the 4-ly 
charged body to the ~ ly charged body ; in other words, it 
will travel from points of higher to points of lower potential. 

No electric forces originate from uncharged b^ies, hence 
the region round them (in the absence of uny charged 
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bodies) will be one of zeio electiic potential. An uncharged 
body has zero potential, and since the eaith may be regarded 
as a huge spherical conductor which is unchaiged, it is 
usual A experimental work to take the potential of the earth 
as our zero or starting-point for measurement (In the same 
way gravitational potential is measured from sea level ) 

The relative potential at various points in a field of electnc 
force may be represented graphically m the manner shown 
in hig 43 The lengths of the vertical lines indicate the 
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relative magnitudes of the potential at the various points A, 
B, and C , lines drawn the zero line indicate positive 

potential, and lines drawn below the zero line indieate fugativc 
potential 

(1 ) Sketch the potenti«il diagram foij^two spheres of equal 
size and ehirged with equal and opposite ehaigcs, and placed 
a short distance apait 

(ii ) Sketch the potential diagiam for two spheies of equal 
si?e and charged with equal and similar charges, and placed a 
short distanc e apart 

56. Flow of Electricity^ 

In the previous section we have imagined the small ^ ly 
charged sphere to 1m; movable Supposing, now, that this 
small charged sphere is fixed in position, and thdit a mass 
of conducting material is brought Into contact with the 
small sphere, then the ihaige will be transferied along the 
conducting material if, by so doing, it can move into a 
legion of lower potential. Elecinaty tends to flow from 
points of highei potential to joints of lowet potential^ «ind 
will do so if the various points are connected by means of 
conducting material 

Moreover, the flow will continue along any conductor 
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until the potential is the same at all points ; in fact, if any 
conducting body is placed in an electric fietd of force, the 
electricity on its surface will redistribute itself in such a 
mannei as to make the potential the same at all points 
This theoretical reasoning will find application in the 
experiments described in the following chaptei. 


Additionai Exlrcises 

1 Make a pencil sketch indicating a few equipotential lines 
between two oppositely charged sphcics Describe the potential 
changes along the line joining the centres of the spheres 

2 Spheres of equal size aic placed a short distance apart, 
and chaiged with unlike charges, the + ve chaige on one 
being twice as groat as the - ve charge on the other Divide 
the zero line between the surfaces of the two spheres into six 
equal paits, and state in words the potential changes along this 
line as you pioceed from the one sphere to the other. 
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57. Preliminaiy Experiments with a Gold-leaf 
Electroscope 

Apparatus required. — Gold-leaf electroscope (see note 14, 

T p. 221). Proof plane. Glass rod, and 
silk rubber. Vulcanite rod, and fur 
nibber. 

(i.) Electrify the glass rod by rubbing 
it with silk, and li^^htly rub the proof 
plane over the surface of the glass 
so that it may acquire a slight charge 
from the glass. Touch the disc of 
the electroscope with the proof plane. 
The instrument is now +ly chi^rged. 
Notice the divcrgen(;c of* the leaves. 

(ii.) Hold the charged glass rod 
above the disc of the electroscope, and 
observe the increased divergence. 

(iii.) Electrify the vulcanite rod by 
rubbing it with fur. Hold the vul- 
canite over (but not too near to) the 
disc of* the electroscope. Observe the 
diminished divergence. 

(tv.) Hold the hand just above the 
disc. Again observe the diminished divergence. 



Fig* I4. 

Gold-leaf electroscope. 
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(v.) Discharge the electroscope by touching the disc with 
the finger, and charge it - ly by means of the, vulcanite and 
proof plane (in the same manner as described in Expt. 57, i.). 


Rod of I'ulrautte Metal Disc 

Fig. 45. — Proof plane. 


(vi.) Hold the charged glass rod above (but not loo near 
to) the disc of the electroscope. Observe the diviinished 
divergence. 

(vii.) Hold the charged vulcanite rod above the disc. 
Observe the increased divergence. 

(viii.) Hold the hand just above the disc. Again observe 
the diminished divergence. 

From these simple experiments we obtain the following 
rules 

An Increased Divergence indicates a similar charge, 

A Diminished Divergence indicates either an unlike 
charge or an earth-connected conductor. 

The latter rule shows that an increased divergence is the 
only sure test of electrification. 


58. Electrostatic Induction 

Affiaratus required, — A wooden cylinder (coated with tin- 
foil or with black-lead) supported on an insulating stand. 
Glass and vulcanite rods. Silk and fur rubbers. Gold-leaf 
electroscope.* Proof plane (see note 15, p. 221). Two metal 
knobs, on insulating stands. 

(i.) Induced Charges. — Charge the electroscope -ly (by 
E.\pt. 57, V.). Hold a charged glass rod near to one end (A) 
of the wooden cylinder (coated with tinfoil, Fig. 46), and touch 
A with the proof plane. Hold the proof plane over the disc of 

* If sufficient instruments ore available, it "is convenient fbr the student 
to have two electroscopes — one charged +ly, the other - ly. 
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the electroscope, and observe the increased divergence, thus 
showing that the proof plane has acquired a - ve charge. 

Still holding the glass rod in position, test the other end 
(B) in the same manner, and observe that the proof plane has 
acquired a + ve charge. In order lo slricUy verify this, 
charge the electroscope + ly (by Kxpt. 57, i.) and repeat the 
observation. 

TV/r iemporary charges at A and B are caused by electro- 
static induction due to the charged i^tasi rod. 

The upper portion of Fig. 46 represents the distribution 
of the lines of force in the experiment, and the potential 
diagram throin^h the axis of the cylinder is shown in the 
lower portion <^f the ^arne tig lire. The end A is nearer 

than B to the glass 
rod, and is con- 
sequently at a 
higher potential. 
The cylinder is a 
conductor, there- 
fore electricity 
flows from A 
towards B, and the 
flow will continue 
until the potential 
of the cylinder is 
uniform. Lines of 
electric force pro- 
ceed from the + ve 
charge on the {[lass 
rbd to the - ve 
charge on A ; lines 
of force also proceed from the + ve charge at 15 towards the 
walls of the room. Notice hmo the lines of force appear to 
conver/;e toavards A, and to diver outroards from B, and 
how this suggests the idea that the cylinder is a better con- 
ductor than the surrounding air for the lines of force. 

Remove the glass rod to a distance, and verify that the 
cylinder is notv uncharged. 

(ii.) Bound and Free Chargee. — Again hold the charged 



Fk»i. 4<S. — Potfiiti.il (li.tgram of .ui insuUtMl 
c>timUr ( inductively. 
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glass rod near to A, and momentarily touch the cylinder with 
the finger. Without moving the glass rod, test the ends A and 
B, and prove that A is charged - ly, and that B is uncharged. 

When the, cylinder is touched it becomes connected to 
the earth by means of a conductor, which enables electricity 
td pass until the potential of the cylinder is the same as 
that of the earth, viz. zero. Notice that, although the 
potential of the cylinder is zero, the end A has a -ve 
charge, which would be expected in ordinary circum- 
stances to give a -ve potential to the cylinder. But it 
must be remembered that the nearness of the charged glass 
rod tends to give the cylinder a 4- ve potential. These two 
effects are equal and opposite, thus giving to the cylinder 
an apparent zero-potential. 

Draw a diagram (simiLar to Fig. 46) shoeing where lines 
of force are found, and also draw a potenti.al diagram for the 
line along the axis of the cylinder. 

(iii.) A Conductor charged -ly by Induction. — Remove 
the glass rod, and, without touching the cylinder with the finger, 
prove that there is a - ve charge distributed over the entire 
surface. The cylinder has been charged - ly by induction. 

The potential of the cylinder is now, of course, uniformly 
- ve. 

Draw a diagram (similar to Fig. 46) showing the direction 
of the lines of force, and also a potential diagram for the line 
along the axis of the cylinder. 

. (iv.) A Conductor charged +ly by Induction. — Repeat 
Ex^ts. 58 (i.-iii.), but use a vulcanite rod instead of the 
glass rod. Verify that, in 58 (i.), A is -fly charged, and 
B -ly charged; that, in 58 (ii.), A is -fly charged, and B 
uncharged; and that, in 58 (iii.), the cylinder has been fly 
charged by induction. 

In each case draw the same diagrams as required in the 
experiments with the glass rod, and briefly explain each 
diagram. 

(v.) Separation of Induced Charges. — Verify the result 
obtained in Expt. 58 (i.) in the following manner ;-^Place two 
insulated metal knobs in contact with each other, and bring an 
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electrified glass rod near to one of them (Fig. 47). Keeping 
the rod in position, now remove the more distant sphere, and 



Flit. 47. - To illustrate Kxpt. v. 


test the charges on both spheres. A is - ly and 11 is + ly 
charged. While in contact they act as one conductor, and 
the charge on th^ glass rod acts upon them as if such were 
the case. 


59. Theory of the Gold-leaf Electroscope 

Aj>pnrafus required, — Gold-leaf electroscope. Rods of 
glass and vulcanite. Silk and fur rubbers. Insulating stand 
(see note 16, p. 222). 

(i.) The Electroscope charged +ly by Induction. — (a) 
Rub a vulcanite rod with fur, and hold the rod over the disc. 
Notice how the leaves diverge. Fig. 

48 indicates how the lines of force 
are distributed. Bear in mind that 
the vulcanite is - ly charged, and that 
the direction of the lines of force 
will consequently be towards the 
vulcanite. 

AB and CD (Fig. 48) represent 
the strips of tinfoil on the • inner 
surface of the glass, and BD is the 
disc of foil on the base board. 

ABCD is earth -connected through 
the table on which the instrument stands, and therefore has 
a constant zero potential. 

Fig. 48 also includes a potential diagram for this case ; 
the diagram indicates the changes of po^ntial along a line 
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coinciding with the axis of the electroscope. The vertical 
dotted line is taken as the line of zero potential. Positive 
potentials are represented by horizontal lines drawn to the 
right of the zero line, and negative potentials by lines drawn 
to the left. The thick continuous line represents the changes 
in potential along the line of the electroscope’s axis. 

The gold leaves are farther from the vulcanite than the 
disc, and they are therefore in a region of higher potential ; 
this difference of potential causes a redistribution of elec- 
tricity resulting in a - ve charge in the leaves and a ve 
charge in the disc (see § 58, i.). This distribution gives a 
uniform potential to the disc and leaves ; but, remember, 
this uniform potential will* be negative (not sero\ because 
the instrument is in a field of negative potential. 

ABCl) is earth-connected, and therefore at zero potential. 
Lines of force will pass from ABCD to the leaves, because 
the leaves are at a lower potential than AIJCD ; owing to 
the tendency of the lines of force to shorten, the leaves will 
be pulled apart. The same number of lines of force will 
pass from the disc to the vulcanite. 

{b) Now touch the disc with the finger, and notice how the 
leaves fall together. 

By touching the disc, the potential of the disc and leaves 
is raised to zero (the same as ABCD), therefore no lines of 
force will pass between ABCD and the leaves. The poten- 
tial difference between the disc and the vulcanite is now 
greater than it was before, and this will cause more lines of 
fgree to pass between the two. 

Make a diagi-am in your note-book (similar to Fig. 48), 
indicating how the lines of force are distributed and how the 
potential changes along a line coinciding with the axis of the 
electroscope. 

{() Remove the vulcanite to a distance. Notice how the 
leaves diverge. 

The + ve charge, formerly distributed over the disc, has 
now distributed itself uniformly over the disc and leaves. 
The instrument is now no longer in a region of - ve poten- 
tial, because the vulcanite has been removed, and the 
potential of the instrument is now only due to its owit 
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charge ; its potential is therefore + ve. Since the leaves 
are at a higher potential than ABCD, lines of force will 
pass from the leaves to ABCD, and the leaves will there- 
fore diverge. 

Make a sketch and potential diagram as before. 

(ii.) Effect of a Neighbouring -fve Charge. — Without 
discharging the instrument, hold a + ly charged glass rod over 
the disc. Notice the increased divergence of the leaves. 

The region near to the glass rod has + ve potential, and 
therefore the potential of the instrument has been increased. 
This will cause more lines of force to pass between the 
leaves and ABCD. 

Make a sketch and potential diagram as before. 

(iii.) Effect of a Neighbouring - ve Charge. — Hold a - ly 
charged rod of vulcanite some distance above the disc. Why 
is the divergence less? How has the potential of the instrument 
been altered ? Make a sketch and potential diagram. 

Bring the rod gradually 
nearer, and noti( e how the 
leaves finally collapse. Explain 
the reason for this with the aid 
of a sketch. 

Bring the rod still nearer to 
the disc, and explain why the 
leaves again diverge. 

If you hold your hand just 
above the disc, you will notice 
that the leaves partially collapse. 
Explain the reason for this. 

(iv.) The Electroscope 
i^Chaxged - ly. — Repeat Expts. 
i.-iii., but use glass rod instead 




Fi<*. 49.— An incuUting bUnd. 


scope on an insulating stand. 


of vulcanite, and vice vers A, 
(iive explanations, as before, 
for all the observations made. 

(v.) The Electroscope 
placed on an Insulating Stand. 
--Place the uncharged electro- 
Connect the disc to the tinfoil 
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base by means of a thin wire. Hold a charged body near to 
the instrur^ent, and observe that the leaves do not diverge. 

The leaves and the tinfoil are at the same potential, and 
theiefore no lines of force pass between them to cause a 
divergence. 

Remove the thin wire, and observe that a charged body 
near to the instrument will cause a divergence of the leaves. 
If the charged body is an electrified glass rod, the potential of 
the leaves and of the tinfoil will be laiscd, but not to the same 
degree ; hence there will be a potential diffeience causing a 
divergence of the leaves. 

Touch the tinfoil with the finger, so as to reduce its poten- 
tial to zero. The potential difference is now greater, and this 
IS shown by the increased divergence. 

From these results we see that the divergence of the 
leaves depends upon the potential difference between the 
leaves and the earth-connected tinfoil ; if the instrument is^ 
-l-ly charged, a r/se m the potential of the leaves will pro- 
duce an increased diveigence ; a fall in potential will pro- 
duce a reduced divergence. The electroscope may therefore 
be used as a means of detecting any changes in potential in 
the surrounding space. 

60 . The Electrophorus 

Apparalus required . — Electrophorus (see note 17, p. 223). 
Fur rubber. (lold-leaf electroscope. 

Vulcanite rod. Bunsen burner or 
spiru-lamp. 

(i.) Charging an Electrophorus. 

— Charge the vulcanite - ly by 
rubbing with fur or fiannel. Place 
ihe metal disc resting on the top of 
the vulcanite. Touch the disc. 

Raise the disc away from the vul- 
canite. Test the charge on the disc 
by holding it over the disc of a -f ly 
cWged gold-leaf electroscope; an 
increased divergence shows that the 
electrophorus disc is -fly charged, FiG,5o.-^Aivel«ctiK>iaion».: 
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Bring the finger near to the disc ; when sufficiently near, a small 
spark is seen to pass from the disc to the hand. ^Completely 
discharge the disc by touching it with the hand. Again place 
it on the vulcanite, and repeat the experinient. The disc 
* may be charged nmny times with- 



f 


out it being necessary to re-charge 
the vulcanite. 

(ii.) The Induced Charges in 
an Electrophorus. — Completely 
discharge the electrophorus by 
passing it through the flame of a 
Hunsen burner. Place the electro- 
phorus on the disc of the electro- 


FK..51. — The field of foice due to 
an electrophorus. 


scope, and flick it with fur. Note 
the divergence of the leaves, and 


explain the reason for this. Test 
the charge present in the lejives by holding a ~ ly charged rod 
of vulcanite over the disc. Place the disc of the electrophorus 


in position, and touch its upper surface \\ ith the finger. What 
result do you observe ? Explain it in a few words. 


61. Electrical Screening 

Apparatus required. — Electrophorus. Proof plane. Gold- 
leaf electroscope. Cylindrical jacket of metal gauze (large 
enough to completely cover the electroscope). Sheet of metal, 
with an insulating handle attached. Vulcanite rod and fur 
rubber. Wax taper. 

(i.) The Walls of a Boom serve as an Electrical Scx^^en. 

— Hold the charged electrophorus disc 3 \)r 4 cms. away 
from the wall of the room. Touch with a proof plane the 
surface of the wall which is within the shadow of the disc. 
Bring the proof plane over the disc of a - ly charged electro- 
scope. How is the proof plane charged ? Remove the electro- 
phorus disc, and again test the same portion of the wall. Is 
the proof plane again charged ? Arc the walls of the room 
conducting or non-conducting ? 

Repeat the experiment, holding the disc just above the 
table. The same results are obtained. 

Hence we may regard the room as an earth-connected 
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conductor, and therefore always at zero potential. What- 
ever experiments may be in progress, the lines of force will 
be restricted to the space within the room, and it will be 
ilnpossible to detect any electrical forces beyond the bound- 
aries. The walls^ etc.^ of the room may be said to serve as 
an electrical screen, protecting the outer region from all 
electrical forces which may exist within the room. Similarly, 
the space within the room will be electrically screened from 
all forces which may exist outside the room. These results 
may be verified in the following manner : — 

(ii.) Methods of Screening an Electroscope. — (a) Place 
the gauze jacket over the electroscope, and stand it on the 
table ; the gauze is earth-connected, and therefore analogous to 
the walls of the room. Hold the charged electrophorus disc 
near to the gauze. Is the electroscope screened.^ 

{b) Remove the jacket, invert it, and place it on a stand 
(non-insulating) as near as possible to the disc of the electro- 
scope. Hold an electrified rod of vulcanite inside the jacket 
(without touching the gauze). Is the electroscope screened ? 

{c) Hold the vulcanite just over the disc of the electro- 
scope. Observe the divergence. Now place a large sheet of 
metal, earth-connected by holding it in the hand, between the 
wax and the disc {and touching neither). Do the leaves still 
diverge 1 Is the plate screening the electroscope ? 

{il) Support the metal plate by means of its insulating 
handle, and repeat Expt. 6i {c). Notice that the electroscope 
is no longer screened. 

fiii.) Hold a burning taper a few inches away from the disc 
of the charged electroscope. Notice how quickly the instrument 
is discharged. Re-charge the electroscope, and hold an earth- 
connected sheet of metal between the disc and the flame. Is 
the instrument again discharged? or, is it screened by the plate? 

62. Equality of Potential at all Points of a 
Charged Conductor 

Apparatus required , — Wooden cylinder (coated with foil 
or black-lead). Insulating stand. Proof plane. Thin copper 
wire. Gold-leaf electroscope. 



S6 EXERCISES IN MAGNETISM & ELECTRICITY part ii 


(1) Equality of Potential when Charged. — Charge the 
insulated cylinder by means of the electrophorus. Connect 
the disc of a proof plane to the disc of a gold-leaf electro- 
scope by means* of 
a thin copper ^ire. 
Holding the proof 
plane by its insu- 



_ ^ lating handle, bring 

it into contact with 


i* IG, 57. 


the cylinder, and 
observe the diver- 
gence produced 
(Fig. 52). 

The degree of 
divergence is a 
measure of the 
potential of the 
point on the cylinder whrch is in contact with the proof plane. 
Move the proof plane to other points of the cylinder. Does 
the divergence remain unaltered ? Is the potential the same 
at all points ? 

(ii.) Equality Potential when in a Field of Force. — 

Discharge the cylinder, and hold the charged electrophorus 
disc near to one end. Again test whether the potential of the 
cylinder is unifoim. 


63. Seat of the Charge on a Conductor 

Apparatus required, — Hollow tin. Insulating stand. 

Electrophorus. Proof plane. Electroscope. 

% 

(i.) Place a coffee-tin (or calorimeter) on an insulating stand. 
Charge the tin by means of the electrophorus. Touch the 
outside of the tin with a proof plane, and verify the nature of 
the charge with a gold-leaf electroscope. Discharge the proof 
p^ne^ and with it touch the inside of the tin ; carefully remove 
tlw proof plane without touching the edge or outer surface of 
the tin. Test it by means of the electroscope. 1 $ the proof’ 
plane still charged ? or, is the charge distributed solely over 
the emter sttrface of the conduc|or ? 
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64. Induced Chaise on the Innep Surface of a 
Hollow Conductor 

Apparatus required, — Hollow can. Insulating stand. 
Metal sphere,* with insulating handle. Electrophorus. Proof 
plane. Electioscope (two electroscopes are convenient). 
Thin wiie. 

(i.) Internal Induced Charges. — Place the can on the table. 
Introduce the insulated spheie, which is charged + ly, well 
inside the can, taking care that the sphere does not touch the 
can. Touch the inside of the tan with a proof plane, and with- 
draw it, being careful not to touch the spheic or the edge of< 
the can. Test the charge on the proof plane by means of an 
electroscope. What charge do you find on the inside of 
the can ? 

With the sphere still m position, test the outside of the can, 
and verify that theie is no charge present. 

Make a diagiam of the apparatus, indicating the lines of 
force which may be present. How does this experiment 
resemble Expt. 58 (1.)? 

(it.) Faraday’s Ice-pail Experiment. — Place the can on 
an insulating stand, and connect the can to the disc of 
an electroscope by means of a thin wire. Introduce an 
insulated sphere (or foil-coveied bottle), which is charged 
-f ly, well inside the can, taking care not to touch the sides 
of the can. If the can is sufficiently deep, all the lines of 
force from the charged sphere are now intercepted by the sides 
of the can, on the inside of which an induced - ve charge is 
found. The induced + ve charge is distributed paitly over the 
outer surface of the can and partly over the electroscope, from 
both of which there are lines of force proceeding tO" any 
neighbouring earth - connected conductors. Observe the 
divergence of the leaves. Allow the sphere to touch the inside 
of the can, thus making it a portion of the inside of the charged 
conductor. The divergence remain^ unaltered. Remove the 
sphere, and test whether it still has any charge. The sphere 

* Instead of a spheie, a convenient carrier may be made by covering 
the outside of a 2 02 glass Isottle with and fastenh^ a rod 

sealing-wax to the cork to seive .1^ an insulating handle* ^ 
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has no remaining charge, nor is there any charge on the inside 
of the now empty can. 

The sphere’s charge has been exactly neutralised by the 
induced - ve charge on the can, without le«iving an excess 
of either (for had there been an excess of either it must have 
proceeded to the outside of the can, and so modified the 
divergence of the leaves). All the lines of force which 
originally proceeded from the sphere evidently disappeared 
when the sphere touched the can. 

He nee y the total induced charge is equal and opposite to the 
inducing charge. 

The induced + ve charge is equal to the induced - ve 
charge, hence the charge remaining on the can must be 
equal to the charge originally on the sphere. This explains 
the only method which is knowm for completely transfeiring 
the charge from one insulated conductor to another. The 
conductor which is intended to receive the charge must be 
hollow and of sufficient si/e to allow the charged conductor 
to be placed inside it. If the conductors only touch one 
another on the outside, then the charge will be shared 
betw'een them, and will not be found on one conductor only. 

(iii.) Using the same apparatus as in Expt. 64 (ii.), touch the 
outside of the tin with the charged sphere. Observe the 
divergence of the leaves. Lines of force proceed from both 
the sphere and the can. Test the charge still remaining on 
the sphere by bringing it near to the disc of another electro- 
scope which is charged + ly. Now touch the inside of the can 
with the sphere. Notice the increased divergence, and verify 
that the sphere is now completely discharged. . 

65. Distribution of the Chargee on the Surface 
of a Conductor 

ApparatiiS required. — Tinfoil-coaled sphere, cylinder, and 
pear - shaped conductor. < Insulating stand. Proof plane. 
Electroscope. Hollow can. Insulated metal plate. 

( 1 ) On a Sl^here.— Charge the insulated sphere. Touch the 
surface with the flat side of a proof plane, and bring the proof 
plane intef contact with the disc of an uncharged electroscope. 
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N otice the degree of divergence Discharge the proof plane and 
electroscope Test other portions of the sphere’s surface m the 
same way Is the divergence the same in each case ? Draw 
an outline of the conductor, and show by means of a dotted 
line, outside the conductor, how tlie charge is distributed (the 
distance of the dotted line from each portion of the surface 
indicating the magnitude of the chaige found on that portion) 

(ii ) On Pear-shaped Conductor. — Repeat Expt i with 
the insulated pear shaped conductor, and make a diagiam as 
before 

(ill ) Hollow Can. — Repeat Expt i with the hollow cans 
(iv ) Metal Plate. — Repeat Expt i with the metal plate 
The quantity of electncity on each square centimetre of 
the suiface of a conductoi is not nccessaiily the same (This 
quantity is iisuilly teimcd the IXnnty of the charge ) 

Heme^ although the potential of a t hailed conductor 
unifotmy the density is not necessarily so ^ but depends upon 
the shape of the condmtof 


Addition \ i Lxircisfs 

1 Ihe total induced elcctiic chaige is equal to the charge 
that induces it Demonstrate this (Inter County Sch , 
L C C 1 900 ) 

2 How \^ould you pro\e that t’wo points may have the same 
potential, though one is chaiged with pdsiti\e electricity, and 
th^ othei IS eithci uncharged orchaiged with negatue electricity? 

3 Inside a'hollow sphciical conductor (insulated^ are placed 

two small spheres, insulated from e ich other and fiom the outbr 
\essel, the one chaiged with positive and the other with a 
smaller charge of negative electricity. Draw a pictuie showing 
the distnbution of the lines of electric force outside the con- 
ductor (1893 ) t 

4 An insulated conductoi. A, is brought near to thcAcapof 
a gold leaf electioscope which has been charged positively 
State and explain what will happen, (i) if A is unelectrified, (2) 
if It IS charged positivel>, (3) if it is chaiged negatively, ( 1 887.) 

5. Desenbe how to arrange an experiment so that a con- 
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ductor charged all over with negative electricity, may neverthe 
less receive a further charge of negative electricity on being 
connected with the ground by a conducting wire ( 1 896 ) 

6 Into an insulated unchaiged metal jar standing on the 
cap of an electroscope an clectiihed brass ball is lowered with 
out contact , the jai is then touched for a moment w ith the 
hnger, and the ball is ne^t allowed to touch the jar, after winch 
It IS remo\ed Lxplain the vaiious effects piodiiced on the 
gold lea\cs (1898 ) 

7. I* oui pieciscly similar insulated metal balls, B, C, D, 
are placed in a low The two inner balls (B and C) are in 
contact, and the distinccs AB and Cl) are equal If A and D 
are electriticd, what will be the electrical states of B and C after 
first one and then the other his been removed from the 
neighbourhood of A and D, (i) when the chaigcs on A and 
D are equal and opposite, (2) when the charges are equal and 
similar ^ { 1 892 ) 

8 A pad of flannel is placed at the bottom of a met il \ esscl 
which IS insulated and connected b> a wiic with the cap of a 
gold leaf electroscope One end of a long rod of scaling wax 
IS now rubbed against the flannel \V hat indu ations w ill the 
electroscope give, (i) while the rubbing is going on, (2) when 
the sealing wax is withdrawn ^ (1892 ) 

9. An electrified body is brought into the neighbourhood of 
(a) an insulated conductor, an eaith connected conductoi 
Describe exactly the effect on the potentials of the electrified 
^ody and of the unelectnhed conductors in each case (1892 ) 

10 Can the leaves of an electroscope be made to diverge 
when they are kept at zero potential^ If so, desciibe hdw, 
and explain why (1895 ) 

11 Two equal insulated conducting spheres A and B are 
placed at some distance apart and connected by a long thin 
wire Ihey are then chaiged An uninsulated metal sphere 
C 18 brought near to A After this the wire and the sphere C 
are removed m turn Will the charges on A and B now be 
equal ? Give reasons for your answer (1894 ) 

1 2. Two insulated metal balls, of which one only is electrified, 
are placed near*each other If an unelectrified plate of paraffin 
1$ introduced between them, how is the distribution of the 
'electricity on the balls altered ? ( 1 888 ) 
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13. An electrophorus after being charged in the^ordinaiV 
way, is placed on the cap of an electroscope. The mej^l cover 
is then placed on tKe electrophorus by means of its msulating 
handle, and, lastly, the cover is momentarily touched with the 
finger. Describe and give reasons for the behaviour of the 
gold leaves in each of these three cases. (1888^) 

14. A gold-leaf electroscope is placed upon an insulated 
metal stand. State and explain the indication of the leaves 
when the stand receives a positive charge. How would the 
indication be modified if the leaves were earth-connected 
(1898.) ^ 

1 5. Two similar deep metal jars arc placed on the caps of 
two similar electroscopes at some distance apart and the caps 
aie connected by a fine wiie; a positively electrified baH is 
lowered into one of the jais without contact. Explain the 
effect as to potential and divergence on both sets of leaves, and 
also that which occurs on breaking the wire connection by 
means of a silk thread and then removing the ball without 
allowing it to touch the jar. (1898.) 



CHAPTER Xm 

Capacity. Condensers. Leyden Jars 

If two insulated conductors A and B are experimented 
with, and it is found that A requires a larger charge of 
electricity than B requires in order to raise its potential to 
the same degree, it is said that the capacity of A is greater 
than that of B. In other words, the capacity of a conductor 
is measured by the quantity of electricity which must be 
given to it in order to raise its potential to a given 
amount. 

The capacities of different conductors may therefore be 
roughly compared by charging them to the same potential 
and afterwards comparing the quantities of electricity on 
each. 

66. Relation between the Size of a Conductor and 
its Capacity 

Apparatus required , — Two metal spheres, each with an in- 
sulating handle (instead of the spheres, bottles of differrtit 
sizes may be used, coated on the outside with tinfoil, and having a 
rod of vulcanite fastened to the cork). Hollow can. Electro- 
scope^ Insulating stand, Electrophorus. 

(i.) When the Potential is the same, — Place the can on 
the disc of the electroscope. Place the two spheres on the 
insulating stand and in contact with each other. Give a 
small charge to the spheres by means of the electrophorus. 
Are the sphero^ now at the same potential ? Convey the 
larger sphere to the electroscope, lower it into the can, and 
aUow it to touch the inner surface, thus transferring the 
entire chaige to the can and electroscope. Withdraw the 
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sphere, and observe the divergence of the leaves. Discharge 
the electroscope. Proceed in the same manner with the smaller 
sphere, and observe whether the divergence is greater or less 
than before. Which sphere has the larger capacity ? 

(ii.) When the Charge is the same. — Place one of the 
spheres on the insulating stand, and connect it by means 
of a wire to the disc of the electroscope. Give a small charge 
to the sphere by means of the electrophorus, and notice the 
divergence of the leaves. Bring the other insulated sphere 
(uncharged) into contact with the charged sphere. Judging 
from the divergence in the leav'es, what change in potential has 
taken place ? Since the quantity of electricity has remained the 
same, what is the cause of the change in potential? 

67. Dependence of the Capacity of a Conductor 
upon the presence of Neighbouring Conductors 

Apparatus required, — Electroscope. Vulcanite and fur. 
Metal plate with insulating handle. 

(i.) An Earth-connected Conductor. — Charge the electro- 
scope, and observe the divergence of the leaves. Hold the 
hand just above the disc, and note how the divergence of the 
leaves is altered. What change is caused in the potential of 
the instrument ? Has the capacity of the instrument been 
altered by holding the hand over it ? 

(ii.) An Insulated Conductor. — Hold an insulated metal 
plflte just o\er the disc of the charged electroscope. Can you 
observe any clKingc in the potential of the instrument ? Now 
touch the plate with the finger, carefully watching the leave.s, 
and notice any further change in the potential. Is the capacity 
of the instrument greatest before the metal plate is brought 
near, or when it is insulated and above the disc, or when it is 
earth-connected ? 

This apparent condensing of electricity on any charged 
conductor is the principle upon which so-called condensers 
depend. 

A Condenser is defined as any arrangement by which the 
capacity of a conductor is artificially raised. 
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68. The Condenser 

Apparatus tequifed — A simple condenser (see note i8, 
p 222) (two condenseis are necessaiy for E\pt 68, 11 ) Electro- 
scope Electrophorus and pi oof plane Ihin copper wire 
Slab of paraffin wax Sheet of thick plate glass 

(1 ) Relation between Capacity and Thickness of Medium. 

— Connect plate A to the electioscope by means of copper 
uire, and connect B to earth (ji\e a small chaige to A by 



Fig 53 — A simple f^nn jS condenser (h'. used in iht 1 lcincntir> l*b)sicil 
LaDoratjr> The Owens College Manchester) 


means of the elccliophorus and proof plane Observe the 
divergence of the lea\cs when B is about 20 cnis distant from 
A» Slowly move B tow aids A, and observe the diminution of 
divergence Slowl> remove B away from A, and observe the 
gradual increase of divergence I he plates A and B constitute 
a simple form of condenser 

Hence, ike capaetty of a condenser ts tncfca^ed when the 
distame separating the conductors ts diminished 

{».) Belaticii between Capacity and Area of the Plates. 

— Use two condensers, similar to that used in Expt 68 (1 \ 
and call them AB and A'B* Connect A and A' to the same 
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electroscope, and connect B and B' to earth, while the plates 
of the condensers are well separated, ^harge A and A' 
sufficiently to produce a considerable divergence. Move B 
towards A, and note the diminution of divergence. Leave B 
in this position, and then move B' towards A', and note the 
further diminution. 

The final effect is approximately the same as though a 
single condenser having plates of twice the size of AB had 
been used. 

Hence, //t^ capacity of a condenser depends directly upon 
the area of surface of the hvo conductors, 

(iii.) Capacity depends upon the Medium. — Place B 
about 3 cms. from A (which is connected to the electroscope), 
and give a small charge to A. Notice the divergence. Care- 
fully insert a square slab of paraffin-wax (about i cm. thick, 
and slightly larger in area than the plates) between A and B. 
Notice the diminution of divergence, and how it increases to 
its original value when the slab is removed. 

Repeat this experiment, but use a slab of plate glass instead 
of the paraffin-wax. 

Hence, the capacity of a condenser depends largely upon 
the medium through udtich the lines of force pass. 

In these experiments the effects of replacing a portion of the 
air by paraffin-wax oi glass is the same as if the conductors had 
been brought still nearer together. The wax and the glass 
seem to transmit the lines of foice more readily than air. This^ 
varying power of transmitting the lines of electric forpe is 
•termed the Specific Inductive Capacity ( 5 ./.C.). The S,I,C, 
of glass is gfeater than that of wax, and that of wax is greatec 
than that of air. Nearly all insulating solids have a higher 
S,r,C. than air. 

69. Specific Inductive Capacity of ParaflBn-wax 

Apparatus required. — Condenser (see note i8, ii., p. 222). 
Gold-leaf electroscope. Slab of paraffin-wax (at least 3 cms. 
thick). 

Aand B (Fig. 5 5, 1 . ) represent the two plates of a condenser ; 
A is connected to a gold-leaf electroscope, and is chj|tged 
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sufficiently to cause a slight divergence of the leaves ; B is 
earth-conncctcd. . A slab of paraffin-wax is placed between 
A and B, but not touching either plate. The degree of 
divergence of the leaves, which can be observed by means 
of the circular scale behind the leaves, is a measure of the 

A r. 



potential to which A is raised. It the wax slab is removed 
the divergence showing that the capacity of the 

condenser has been diminished by thus substituting air for 
jvax. The original capacity can be restored by moving B 
slightly towards A (Fig. 55 , II.), thus diminishing the width of 
air between the plates. 

The width of air (equivalent in its inductive capacity to 
the wax) width of distance through 

paraffin-wax whi^h B is moved. 


S,LC, of paraffin- wax — 


Width of paraffin-wax 
Equivalent width of air* 


(i.) Connect up the condenser and electroscope as shown in 
Fig. 55 ; if possible, remove the top-plate of the electroscope, 
and replace it by a binding-screw. Place the paraffin-wax in 
position between A and B. Earth-connect plate B by means 
of a wire, and give a slight charge to A. Place A and B so 
that the front edge of their supports slide against the graduated 
edge of a millimetre scale. Note the scale reading of plate B, 
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Quickly remove the 



and also the divergence, of the leaves, 
paraffin - wax. Carefully 
move B towards A until 
the original divergence is 
restored, and note the scale 
reading of B, Measure the 
thickness of the wax slab. 

It may happen that the 
surface of the wax slab 
will have acquired a slight 
chaige cither by touching 
the plates or. by rubbing 
the fingeis, in which case 
serious cri ors will be intro- 
duced. Test this by re- 
moving B, and holding 
the wa\ neai to A ; if the 
diveigcnce is affected the 
wax IS electrified. The 
best method of removing 
the charge is to pass the 
slab quickly through a 
Bunsen flame. 

Repeat the previous observations at least three times, and 
enter your results in the following mannei * 



(z) Distance throiij^h 
^hich 13 lb ino\cd. 

• 

1 (a) Width of 

Wax slab. 

(0 Fquivaknt 
Width of Air 

S.[.c. = \ 1 

(3) 

• 

I 


* 


2. 




3- 











70. The Field of Force of a Simple Mr Condenser 

Apparatus required, — Simple condenser* Gilt pith •ball 

H 
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suspended by silk thread. Electrpphorus. Electroscope. 
Sealing-wax rod. 

(i.) Behaviour- of a Pith-ball in the Field of Force. — 

Place the plates of the condenser about '2 cnis. apart, 
and connect plate B to earth. Charge the condenser, and 
suspend the pith-ball in the field between the plates. Notice 
how the pith-ball vibrates to and fro. 

What is the charge on the pith-ball when in contact with 
plate A? Why is the pith-ball attracted by plate B? Are 
the lines of force concerned in this attraction ? As soon as 
the pith-ball touches B, what changes have resulted in the 
charges of A and B ? What is the condition of the charges 
on A and B after the pith-ball has passed to and fro several 
times ? 


(ii.) Potential Diagram of the Field of Force.— I'lg. sf) 
^ represents a potential diagram 
of the field near to a con- 
denser, plate B being connected 
to earth. Sketch the potential 
dijigram of the condenser when 
B has been insulated and moved 
nearer to A. Also sketch the 
„ ^ „ .... f , diagram when B has been 

Fig. 56. — Potent wl diagram of a himplt; . , r 

% condciibcr. movcd further away from A. 



(iii.) Changes in Potential between the Plates. — Charge 
the condenser, with the plates about 8 cms. apart. Connect 
the plate C (Fig. 54) to an electroscope by means of a thin 
wire ; holding it by its insulating handle, place it between A 
and B, and parallel to both. Observe that* the divergence 
is greater when C is nearer to A, and gradually diminishes 
as it is moved towards B. While C is in position, remove 
the connecting wire by means of an insulating handle, and 
determine whether the charge on the electroscope is -f- ve 
or - ve. 

Move C to a distance, and connect up to the electroscope 
again. Without discharging A or B, move B about 16 cms. 
away from A. * Explore the field between A and B as before. 
The leaves diverge when C is near A, and gradually collapse 
as C is moved towards B ; when moved still nearer to B the 
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leaves again diverge. Now remove the connecting wire, and 
determine whether the charge on the electroscope is + ve or 
- ve. 


Adpitional Exercises 

1. A sheet of tinfoil is suspended by a dry silk thread and 
charged as highly as possible by an electrical machine, but on 
discharging it only a slight spark is obtained. If the tinfoil is 
placed on a sheet of dry glass lying on the table, a bright 
spark can be obtained after the tinfoil has been charged by 
the machine. Explain the cause of the difference. (1895.) 

2. Two similar vertical insulated plates, A and B, are 
placed parallel to each other and about an inch apart. Each is 
connected to the cap of a separate gold-leaf electroscope. State 
and explain the indications of the electroscope when ( i )a positive 
charge is given to A, and afterwards (2) B is touched. (1898.) 

3. 'I'he inner coating of a Leyden jar is connected by a 

wire with the prime conductor of an electrical machine and 
also with a gold-leaf electroscope. If the jar rests upon a 
sheet of glass, a quarter of a turn of the machine produces 
a large divergence of the leaves of the electroscope. If the 
glass be removed, ten turns of the handle are required to 
produce the same dctlection. E.xplain this. (1888.) * 

4. Two uncharged insulated brass plates, each metallically 
connected with* the cap of a separate electroscope, are placed 
parallel to each other. One is charged, and then a plate of 
shellac is inserted between them. What effects are produced 
on tfie electroscopes during these operations? (1895.) 

5. Two insulated metal plates are placed facing each other, 
and each of them is connected with a separate gold-leaf 
electroscope. If one plate is charged, the leaves of both 
electroscopes diverge. If now an unelectrified slab of paraffin- 
wax is introduced between the plates without touching either, 
state and explain the effect on each electroscope. (1887.) 

6. Paraffin has a higher specific inductive capacity than air. 
If an electrified ball be suspended in an insulated conduct- 
ing vessel which it does not touch, state what change, if any, 
is produced in the electrical condition of the system by pouring 
melted paraffin into the space between the two, (1891.) 
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7. Two equal horizontal metal discs A and B are placed 
symmetrically one over the other and separated by air, A 
being insulated and B earth-connected. When A is charged 
the plates attract each other. Will the attraction be the same 
when the space between them is filled with paraffin ? Give 
reasons. (1896.) 
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The Influence Machine, anh Effects produced by Ii 

71. The Theory .of the Wimshurst Machine 

♦ 

Apparatus required . — Wimshurst machine. Vulcanite rod. 
Proof plane. Electroscope. 

From theory, it would seem that all nietal sectors on 
either plate, approaching one of the terminals, and after 
passing the neutralising brushes, are charged similarly, 
'fhese sectors approaching one terminal are charged + ly, 
and those approaching the other terminal are charged - ly. 
Also the sectors whic h, at any moment, are travelling from 
a terminal to the next neutralising brush are unchanged. 
These facts may be verified by the following experiments : — 

(i.) Charges acquired by the Sectors. — Disconnect the 
Leyden jars from the terminals. When commencing to turn 
the machine, hold an electrified vulcanite rod near to the 
front plate and opposite the brush in order to insure that 
the terminals become charged as shown in Fig. 57. Cease 
turning the maclyne, and quickly touch any sector on the front 
plate between and the left-hand terminal with the proof 
plane. Test the charge on the proof plane by means of a 
charged electroscope.* 

In the same way, observe that any sector on the back plate 
between and the left terminal has a similar charge. 

Repeat these experiments for any sectors on the front plate 
between and the right-hand terminal, and also between 
and the left terminal on the back plate, 

* tf the charge obtained from sector is not sufficient, tooch two or 
three sectors in succession in order to charge the proof plane sufi|pently.. 
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Verify that any sectors which have just passed either 
terminal are either discharged or very nearly so. 



(ii.) Reversing the Charges at the Terminals. -^^The 
rhaigcs on the terminals of the machine may be reveiscd m 
the following manner:- -Discharge the terminals of the machine. 
Hold an electrified vulcanite rod near to jhe front plate and 
opposite and turn the machine. With the aid of the proof 
plane and electroscope now prove that the left terminal is - ly 
charged, and the right terminal 4- ly charged. 

72. Action of Points 

Apparatus required . — Wimshurst machine. Needle. Soft 
wax. Wax. taper. Length of copper wire. Proof plane. 
Electroscope. Insulated metal disc. 


CHAV. XIV ACTION OF POINTS, ETC 103 

(i.) Air Ourrents generated from Points. — Attach a 
sewing-needle, or a piece of copper wire with sharpened end to 
one terminal of a Wimshurst machine by means of soft wax, 
taking care that the needle is in metallic connection with the 
terminal. Connect the other terminal to earth. On turning 
the machine, hold the hand near to the point of the needle, 
and notice the current of air which appears to be driven from 
the point. Hold a candle dame near to the point, and obser\’^e 
how it is blown aside. 

7>ansfer the needle to the other terminal, and earth-connect 
the former terminal. 

Observe that the phenomena observed with the - ve terminal 
aie the same as with the + ve terminal. 

Attach lumps of soft wax to the point of the needle, and 
observe how the discharge is prevented. 

Bearing in mind the distribution of the charge on a pointed 
conductor, write a brief account explaining how the above 
phenomena may be accounted for. 

(ii.) The Air Ourrents are Charged. — Allow the current 
of air from the point to impinge on a small insulated metal 
plate or sphere. Verify by means of an electroscope that the 
plate is charged with the same kind of electricity as that of the 
terminal to which the point is attached. Verify this statement 
by transferring the needle to the other terminal and testing the 
charge acquired by the metal plate. Evidently the stream of 
air which is repelled from the point is electrically charged. 

(iii.) Points Charged by Induction. — Even if the needle is 
( harged by itiductiony the same phenomena of discharge may 
be observed. , 

Hold a needle in the hand, with its point towards the 
terminal of the m.achinc. Interpose a candle flame between 
them, and observt how the flame is blown away from the point. 

Hold an insulated metal plate between the point and the . 
terminal, and verify that the plate is now charged with the 
opposite clectriflcation to that which is found on the terminal. 

73. Discharge of Electricity through Conductors 

Apparatus reqttired . — Wimshurst machine. Two glass 
rods fixed verticajly on stands. Thin string. Five pairs of 
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pith-balls (on cotton thieads) Electrophorus Vulcanite 
rod 

(i ) Fall of Potential. — Stretch a piece of thin string AE 
(i metre long) between two vertical glass rods (40 ems high). 
Connect the ends of the string to the terminals of a Wimshurst 
machine by means of copper wiies Suspend five pairs of 
pith balls (on cotton threads) from equi distant points of the 



string W hen the machine is m action notice how the greatest 
divergence is at A and E, less at B and D, and ml at C 
yFig 58) \ enf> that the pith balls at A are charged +ly 
by bi inging nc ir to them the charged phtc of an electrophorus , 
and that the pith bills at I arc - 1 > chaiged b> holding near 
to them an electrified lod of vulcanite I he sloping line 

indicates the gradu il f ill of potential along the sti mg 

Place the finger on the string at C The divergence of the 
pith balls IS in no case altered, since C is already at zero potential 
(11 ) Effect of connecting any Point to Earth. Place the 
finger at E. State how this affects the pith Ijalls at A, B, C, 
and D. Diaw a diagram showing the fall of potentiil along 
the stung How is the potential of E altered when touched 
by the finger ^ and in what inannci is the potenti il at other 
points of the stung altered ^ 

' (ill ) Place the finger at A Stile how this affects the pith 
balls at B, C, D, and E Draw a potential diagiam of the 
string What changes in potential ha\e occuired at various 
points along the string ^ 

74. Chemical, Heating, and Ha^etic Effects of 
Electrostatic Discharges 

Apparatus required , — Wimshurst machine. Copper wire 
Insulating stool (a slab of wood, resting on four strong glass 
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feet, varnished). Bunsen burner. Glass dask (see note 19, 
p. 223). Glass boiling tube (fitted up as described in note 20, 
p. 223). Litmus and turmeric paper. Strong solution of sodium 
sulphate. Short of glass. A spiral of one layer of thick cotton- 
covered copper wire (the spiral should be dipped into melted 
paraffin-wax, and allowed to cool). Sewing-needle. Large 
Leyden jar (Leyden battery, if available). Discharging 
tongs. 

(i.) Heating Effect. — Connect one terminal of a Wimshurst 
machine to earth. Stand on the insulating stool, with one 
hand on the other terminal. Ask another student to turn the 
machine, and, in a few moments, hold a finger of the free 
hand near to the lop of a Bunsen burner through which the 
gas is escaping. The spark will ignite the gas. 

(ii.) Warm the glass flask (Fig. 59) by holding it in the 
hands for a few moments, and dip 
the open end of the glass tube 
beneath the surface of mercury. 

Allow the flask to cool sufficiently 
to draw a short thread of mercury 
into the tube ; this will serve as 
an indicator for any changes in 
temperature of the enclosed air. 

Connect the ends of the wires to 
the terminals of a Wimshurst 
machine, and turn the machine 
for a short time. Notice how the 
ei^losed air expands, showing that 
the discharge tjirough the strip of 
foil raises its temperature. 

(iii.) Chemical Effect.— Con- 
nect one of the wires, leading 
from the boiling-tube (Fig. 60), 
to a terminal of the Wimshurst 
machine. Connect the other 

terminal to the inner coating of 5^. 

a Leyden jar standing on the table. 

Fix an insulated metal knob about 2 or 3 mms. from the knob 
of the Leyden jar, and connect the insulated knob to the 
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remaining wire of the boiling-tube. Turn the machine steadily, 
and notice the small stream of bubbles 
of j*as which are liberated at the ends 
of the platinum wires. Unless a large 
machine is available, the volume of the 
liberated gases will be too small to 
determine their nature (cp. the Elec- 
trolysis of water, by means of a voltaic 
tut* current 

iv. ) i^ip small pieces of blue litmus 
paper and of turmeric paper in a strong 
soliilion of sodium sulphate. Support 
the papers, with their edges in contact, 
on a dry clean sheet of glass. Attach 
wires to each terminal of the Wimshurst 
coppuruHr, machine ; place the free end of the wire 
from the +ve terminal in contact with 
the litmus paper, and the end of the 
wire from the ^ ve terminal in contact 
turmeric paper, 'furn the 
machine for a short time. Notice that 
I the litmus paper near to the +ve wiie 

is turned red, and that the turmeric 
paper near to the - vc wire is turned 
brown. These changes are due to the 
decomposition of the sodium sulphate, 
accompanied by the formation of sulphuric acid and caustic 
soda at the two terminals respectively.* 

(v.) Magnetic Effect. — Support the wire s[yral horizontally 
en an insulating stand, and connect one end of the spiral to 
the outer coating of a large Leyden jar standing on the table. 
I’lace an ordinary unmagnetised sewing-needle inside the spiral. 
Connect one terminal of the Wimshurst- machine, by' means of 
a stout copper wire, to the knob of the Leyden jar, taking care 
that the end of the wire is only in loose contact with the knob, 
so that it may readily be removed with the discharging tongs. 

* Ar f ion of the Current. — Na^S04 = Nag -1-804. 

Secondary Actions . — Nog + aHjO = 2NaHO -h H . 

2SO4 2H3O = 211380^ -t- 0.4 
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Connect the other teiminal of the machine to earth. Fully 
charge the Leyden jai, and quickly icmove the conneclinij 
wire Hold one knob of the tongs in contact with the free end 
of the spiral, dnd slowly bring the other knob near to that of 
the Leyden jai As soon as the spark has passed, remove the 
needle md pro\c that it is now peimanently magnetised 


\DDniONAL ExiRCisrs 

1 An electiical machine is placed in an insulated chamber 
which IS lined inside with tinfoil One teiminal of the machine 
IS connected with the tinfoil What will be the effect upon an 
electioscope plated outside and connected with the chamber 
when the machine is in action > Explain your answer (1887) 

2 Iwo ^old leaf electroscopes, similai fn all respects 
except that a needle projects fioin the tap of one of them, 
aie placed at equal distances fiom an electiical machine 
When the machine is woiked both pairs of leaves diverge 
When u ceases to work one pan of leaves collapses rather 
(juif kly and the othei pair veiy slowly Explain this difference 
in their behavioui (1892 ) 

3 A shatp point is attached to the inteiior of a hpllow 
metallic sphere Desciibe and explain the action of the point, 

( i) vchen the sphere is electrified, (2) when one end of a brass 
rod, the other end of which is held m the hand, is cautiously 
introduced into the sphere through a small hole so as not to 
touch the spheic and is biought near to the point (1898^ 
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C'HAPTER XV 

Chemical Action and Voltaic Cells 

75. Chemical Action 

Apj>aratus required , — Several test-tubes, bilute sulphuric 
acid (i in 8). Commercial zinc. Magnesium ribbon. Copper 
foil. Bunsen burner.. 

(t) Action of Sulphuric Acid upon Zinc.- Drop a small 
strip of commercial zinc into a test-tube containing dilute 
sulphuric acid (one part of strong acid to eight parts of water). 
Notice that bubbles of a gas are given off from the surface of 
the zinc. Close the end of the test-tube with the thumb for a 
few moments, so as to prevent the gas from escaping. Remote 
the thumb and hold the open end of the lube ?«: the side of a 
gas dame. “^The gas in the test-tube burns with a dull blue 
dame which is almost invisible. The gas obtained by this 
means is called hydrogen. At the same time observe ^hat the 
zinc gradually disappears. 

This experiment is an example of Chemical Action ; the 
zinc is permanently changed ; and, on evaporating the clear 
solution to dryness, a white crystalline solid known as 
Sulphate of Zinc is found. 

Hydrogen is one of the constituents of the sulphuric acid, 
from which it is expelled by the zinc. The burning of 
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hydrogen is also an example of chemical action ; in this 
case it unites with oxygen in the air, and forms water. 
Other substances also unite readily with oxygen (or become 
oxidiseii). 

(ii.) Oxidation of Magnesium. — Hold a short piece of 
magnesium ribbon in metal tongs, and ignite one end of the 
ribbon by holding it in a gas flame. Notice the white powder 
which is formed when the ribbon bums. In this experiment 
the magnesium has been oxidised to form white oxide of 
magnesium. 

(iii.) OsdLdation of Copper. — Hold a small piece of copper 
foil in a Bunsen flame, and ndtice how the surface is blackened. 
The black substance formed on the surface is oxide of copper. 
It is therefore possible to oxidise copper, but the change does 
not take place so readily as in the case of hydrogen or 
magnesium. 

76. The Simple Voltaic Cell 

Apparatus required, — Simple voltaic cell (Fig, 61), fitted 
with plates of copper and commercial zinc. Balance, and box 
of weights. Two lengths of thin 
cotton-covered copper wire. Com- 
pass-needle. 

(i.) Consumption of Zinc when 
no Current is passing. — Carefully 
dry the zinc plate, and determine its 
weight. Fix the copper and zinc 
plates in the/vooden support, and 
immerse them completely in the 
acid for five minutes wit/wui con- 
necting the plates together. Remove 
the zinc plate, rinse it i|^ tap water, 
then carefully dry and weigh it. 

Note the loss in weight of the 
zinc plater 

• (ii. ) Consumption of Zinc when 
a Current is passing*— ^Again fix the copper and zinc plates in 
the wooden suppoit, and connect a short piece of thin copper 
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wire to each plate. Immerse the plates completely in the acid, 
and note the time by your watch. Hold the free ends of the 
copper wires against the tip of the tongue, and near together ; 
notice the slightly acid taste. Now connect the two wires 
together (see Fig. 6i), and arrange the wire so that it is 
approximately in the magnetic meridian ; hold a small compass- 
needle immediately under or over the wire, and notice that the 
needle is deflected towards the east or west. These observa- 
tions indicate that an electric cun‘ent is traversing the wire. 

At the end of five minutes remove the zinc plate, rinse it in 
tap w’ater, then carefully dry and weigh it. Note the loss in 
weight of the zinc plate. 

PVom these experiments you will notice that more zinc is 
used up in Expt. 76, ii. than in Expt. 76, i., showing that the 
electric current is maintained at the expense of the zinc plate, 
but that the zinc is even wasted when no current is passing. 
The experiments in the next section will indicate how this 
waste may be prevented. 

77. Difference between Pure and Commercial 
Zinc 

Apparatus required. — Test-tubes. Dilute sulphuric acid. 
Pieces of pure and commercial zinc. Iron filings. Mercury. 

(i.) Gommercial Zinc and Acid. — Again notice the action 
of dilute sulphuric acid upon commercial zinc. 

(ii.) Pure Zinc and Acid. — Add dilute sulphuric acid to a 
fragment of pure zinc. Notice that no chemical action takos 
place. Add a few iron filings, and shake the tube ; notice, so 
soon as the filings touch the zinc, that hydrogen is rapidly 
given off. 

(iii.) Amalgamation of Zinc. — Repeat Expt. 77, i., and add 
a drop of mercury so soon as the cheipical action has started. 
After a short interval the mercury will have spread all over 
the zinc, and the chemical action then ceases. (This process 
is termed amalj^amation.) Add a few iron filings, and notice 
that the chemical action again takes place. 

The rapid action of acid on commercial zinc is probably 
due to impurities (e.g. specks of iron or carbon) in the zinc. 
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If iron is added artificially to pure zinc (as in Expt. 77, ii.) the 
result is similar to that observed when commercial zinc is used. 

In Expt. 77, iii., the mercury readily forms an alloy or 
amalgam with zinc, but will not do so with any iron or carbon 
which may be present ; the latter are therefore protected from 
the acid by a layer of amalgam. 'I'he acid does not act upon 
the mercury, but under certain conditions it ^ill attack the 
zinc cont^iined in the amalgam. 

78 . Improved Simple Voltaic Cell 

Apparatus required, — simple \oltaic lell (used in 
K\pt. 76). Mercury. 

(i.) Amalgamate the zinc plate of the same cell as that 
used in Expt. 76. Carefully wash, dry, and weigh the zinc 
plate. Fit up the cell as in Fig. 61, immersing the plates 
completely in the acid. Observe the time when the plates are 
connected together, and allow the current to continue for five 
minutes. Remove the zinc plate, and again dry and w^eigh it. 
Notice that much less zinc has been lost than when the plate 
w'as not amalgamated (in Expt. 76, ii.). 

79. Polarisation 

- Ippap'atus required , — Simple voltaic cell (with amalgamated 
zinc plate). Tangent galvanometer (see note 26, p. 225). 
Connecting wires. Solution of potassium bichromate. 

In this experiment a Galvatwmeter is used. The principle 
gf this instrument has already been seen in Expt. 76 (^li.), 
where a compass-needle is deflected out of the meridian by 
.1 current traversing a wire placed immediately above the 
needle ; in a subsequent experiment the student wall learn 
how this simple arrangement is elaborated in the modern 
galvanometer in such a manner as to enable a very weak 
current to be detected. 

(i.) Adjust the galvanometer so that the plane of its coil is 
in the magnetic meridian. Connect the plates of the cell to 
the terminals of the galvanometer. Note the deflection of the 
galvanometer needle at the end of each minute during a period 
of about fifteen minutes. Notice how the deflection has 
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diminished. Bubbles of hydrogen gas will be observed on the 
surface of the copper plate ; remove these bubbles by means 
of a piece of wood or a brush, and notice how the deflection 
increases. 

Pour carefully a smiill quantity of the solution of bichromate 
of potash round the copper plate, and again take a series of 
deflection readings at one minute intervals. Tabulate your 
observations in the following manner: — 


I 

I 

I 

I 

I 


\o. of 


(1) 

( 2 ) 
( 3 ) 
etc. 


Deflection. 


With Pure Acid, 


With IhchroiiKite ndded. 


The gradual diminution in deflection, observed when pure 
acid is used, is due to the accumulation of hydrogen on the 
copper plate : this constitutes what is termed the Polarisa- 
tion of the cell. The more constant deflection observed 
when the bichromate of potash is added, is due to the fact 
that this chemical has the power of oxidising the hydrogen 
{i.e. converting it into water), and thereby preventing its 
accumulation on the copper plate. Other chemicals, besides 
bichromate of potash, may be used for the purpose of pre- 
venting polarisation ; and the various types of voltaic cells 
differ from one another chiefly in the method adopted for 
preventing it. 


80 . Voltaic CeUs* 

Apparatus required , — Examples of various cells {e,g, 
Daniell, Bunsen, liichromate, Lcclanche). 

(i.) Daniell Cell (Fig. 62, i.).— Notice the inner porous 
vessel and the outer vessel of copper. The former contains 
the zinc and dilute sulphuric acid, while the copper vessel is 
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protected from the dilute acid by a layer of copper sulphate 
solution which fills the annular space between the two vessels 



i u Cz — (i ) \ D'lniell cell (11 ) a I eclan hd cell 


The Strength of the copoer bulphitc solution is maintained b> 
pi icing ciystalsof the solid sulphate on a peifoiated shelf near 
to the top of the cell 

(11 ) Bunsen Cell (hig 63) — Note the two circulu vessels 
(the innci one poious) Ihe /me plitc is contained, with the 
sulphuric acid, in the annulai space between the vessels A 
block pf hard caibon (instead of copper) foims the other plate , 
It is sut rounded by strong nitiic acid, and both aie contained 
in the inner vessel 

(ill.) The Bichromate Cell (f ig 69) — In the usual pattern 
q( this cell there is one plate of zinc and tw o plates of carboi^ 
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(one on each side of the zinc), all contained in one vessel. 

^ The liquid consists of dilute sul- 
phuric acid to which bjehromate 
of potassium has been previously 
added. When the cell is not in 
use, the zinc plate must be lifted 
out of the acid by means of the 
rod attached to its upper edge — 
otherwise the zinc w'ill be attacked 

I>oclanchd Cell (Fig. 62, 
liquid is u.sed in 
^ solution of am* 
monium chloride). A zinc rod is 
immersed in the liquid in the 
' ‘Outer glass vessel. A carbon 

Fio. 63. A Hunsen cell. block, surrounded by granular 

manganese dioxide (which serves to prevent polarisation), is 
firmly fixed inside the porous earthenware vessel. 

(v.) The Dry Cell (in some patterns) resembles the 
LccLinche cell, except that the solution of ammonium 
chloride is absorbed in plaster of Paris or some other porous 
material. 

Tabulate your obser\ations in the following mannei 


^ Material of the Plates] One-fluid or Tv 
I or Rods. fluid. 


Substance used to 1 
I prevent Polarisation. 
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81. Differenee of Potential between the Tenninals 
of a Voltaie CeU 

Apparatus required . — Condensing electroscope (see note 22, 
p. 223). Battery of simple voltaic cells (see note 21, p. 223). 
Connecting wires. Insulating rod. 

Fig. 64 represents a condensing electroscope, of which A 
and B are the two plates of the condenser, which are 
separated from each other by a sheet of paraffined paper so 
as to render the insulation perfect. Plate B is connected 
by means of a copper wire to a gold-leaf electroscope from 



whi('h the disc has been removed. If, when the apparatus 
is connected up in the manner shown in Fig. 64, a slight 
charge is given to B no divergence of the leaves will be 
observed ; but if A is now raised, the potential of B will be 
considerably increased and the leaves will diverge. 

(i.) Connect the zinc plate of the first cell to earth, and 
attach a copper wire to the copper plate of the t#enty-fourth 
cell. Wrap the free end of the latter wire round a rod of 
vulcanite, which will serve as an insulating handle. Fit up 
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the condensing electroscope as described on p. 115. Connect 
the condenser-plate A to earth, and touch the plate B with the 



05.— A battery of thirly'six simple cells. 


free end of the copper wire connected to the twenty-fourth cell 
.(supporting the wire by the vulcanite handle). Raise the 
plate A, and observe the divergence of the leaves. Discotinect 
the wire from the twenty-fourth cell, and attach it to the copper 
plate of the twelfth cell. Discharge the condenser, and touch 
the plate B with the wire as before. Raise A and observe the 
divergence ; it will be about one-half the divergence observed 
when twenty-four cells were used. Repeat the experiment, 
using six (or even fewer) cells. The divergence obtained* is 
evidently proportional to the number of cells used. 

Having obtained a divergence of the leaves, determine 
whether the charge on the leaves is -f ve or — ve by holding 
a charged body near to the instrument. If the 9:harge is 
found to be + ve U will not only be r&adily understood why 
a current traverses a wire connecting the two terminals of a 
cell, but it will also determine that the direction of the current 
is along the wire from the copper to the zinc. The copper is 
termed the pd>sitive terminal and the zinc is termed the negative 
terminal. In all types of voltaic cells the zinc is always the 
negative terminal. 
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The potential dilTerence between the metal plates is some- 
times termed t^e Electromotive Force of the cell (and is 
usually represented by the symbol E.M.F.). 


Additional Exercises 

1. How would the action of a Daniell cell be modified if 
the solution of copper sulphate is replaced by sulphuric acid ? 

2. Ten simple voltaic cells are connected together in series* 
and the divergence produced in the leaves of a condensing 
electroscope is noted when th*' terminals of the battery have 
been brought into contact with the plates of the condenser. 
If the terminals of the battery are connected together for a 
short time by means of a thick wire, which is afterwards 
removed, and the previous observation is repeated, the diver- 
gence obtained is less than before. Why is this } 

3. Connect three Leclanchc cells in seriesy and obtain a 
measure of the potential difference at the terminals by noting 
the divergence produced in a condensing electroscope. Re- 
verse one of the cells, and repeat the observation. Is the 
div^gence the sjime as before ? 

* I’hat is, with the 7inc plate of one cell joined to the copper plate of 
the next, and &o on (as shown in Fig. 65). 
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Magnetic Effects of an Electric Current 

82. Direction in which a Magrnetic Needle is de- 
flected by an Electric Current 

Apparatus required. — K voltaic cell. Commutator (see 
note 23, p. 224). Cotton-covered copper wire. Compass - 
needle. Clamp, and piece of cardboard. 

A commutator (or current reverser, Fig. 66) is required 
in thu> experiment. The poles of the battery arc connected 



Frc;. 66.-- -A simple form of commutator. 


to the ends of the movable arms by means of binding screws, 
and the terminals of the outer circuit are connected to the 
free wires dipping into the mercury cups on one side of the 
commutator. When the arm is in a vertical position 
-the circuit is broken, and no current flows along the wire. 
If the arm is swung to the left the current, will traverse the 
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outer circuit tn the reverse directifin to that which ''is 

traversed when the arm is swung to the right. 

(i.) Directiw’^of Defilition depends upon direetion of 
Ouqrent. — Connect up the cell and copper wire (AB) to the 
commutator as shown in Fig. 67, 

Clamp the cardboard horizontally, 
so as to serve as a support for the 
compass - needle. Stretch out a 
length of the wire AB so that it is 
horizontal and in the magnetic 
mciidian, and hold it immediately 
over the compass-needle (C). • Now 
start the current by means of the 
commutator, and note the diiection 
in which the current is passing, 
and also the direction in which the north-peeking pole of 
the compass-needle is deflected. Reverse the current by 
means of the commutator, and repeat the observations. Also, 
repeat the observations with the wire below the compass-needle, 
TabuLite your observations in the following manner : — 



E) 


I* i(>. 67. 


A Position of 
Com}xi*)&*nce(lle 

Direction of 

Cm rent. 

Direction of Deflection 
of N -seeking Pole of Needle. 

Ui der the wire 

N. to S. 



S. to N. 


Over the wire 

N. to S. 


1 

S. to N. 



Notice how all these results are included in the following rule 
(AmpMs)', — Suppose a man to be swimming in the wire in 
the same direction as the current^ and with his face towards the 
needle; the north-seeking pole is deflected towards his left hand. 
(ii.) Deflection depends upon Distance. — While the 
current is still passing along the wire vary the distance of the 
wire from the compass -needle. Notice how the deflection 

decreases as the distance increases. 
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(iii.) Method of increasing the Deflection.-- By referring 
to the tabulated results obtained in Expt. 82 (i.), it is evident 
that a current passing o7fer the ileedlc, and a current in the 
opposite direction, but u/nfrr the needle, will b(Ah tend to deflect 
the needle in the same direction. The effect of a weak current 
may therefore be increased by doubling the wire o\er and 
under the needle. Verify this by wrapping the wire several 
limes over and under the needle, and observe how the deflection 
increases as the number of turns of wire increases. 

It would appear from this experiment that the magnetic 
field due to the current tends to deflect the needle into a 
direction at rig|jt angles to the wire, and that this is more 
or less prevented by the magnetic field due to the earth. The 
direction of the magnetic lines of force due to a current may 
be verified by the following experiment : — 

83. Magnetic Field due to a Current 

Appamtus required. — Same as in § 83 (a battery is preferable 
to a single cell). 

(i.) Bore a small hole through the cardboard, thread the 
copper wire through the hole, and clamp the cardboard in a 
horizontal position. Clamp the wire vertically, and arrange 
the commutator so that the current is travelling dmvn the 
wire. Plaf'e the compass-needle near to the wire, and in 
successive positions to the north, west, south, and east of it. 
Note the deflection, if any, in each case. Repeat the observa- 
tions with the current passing up the wire. Tabulate your 
observations thus : — 


I’osittOTj of Needle. 

Direction in whic h the N. -becking Pole 
tends to Point. 

Current pa >Mng * C'uirciit p.isbing 
doivft Wircr 1 Vvirc. 

North 

West 

South 

East 
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From III is table verify the following rule (known as 
MaxwelPs Corkscre^v Ru/e): — Imagine a corkscrew being 
screwed along the wire if t the direction in tvkich the current 
is passing. The direction in which the 
thumb rotates indicates the positive direc- 
tion of the tines of force. 

84. Magnetic Properties of 
Solenoids 

Apparatus required. — Solenoids (see note 
24, p. 224), one of which is suspended as 
shown in Fig. 69. Voltaic cell. Bar-magnet. 

Connecting wires. 

If a wire conveying a current is bent into 
a circular form, the space enclosed by the 
wire will be traversed by lines of force all travelling in 
the same direction (Fig, 68), and the coil should behave like 



Fig. 69. —Apparatus to illustrate mutual action of two spirals. 


a short magnet. The direction of the lines of force suggest 


dmmt 



up 

Fig. 68 . 
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the following rule : — If the coil is held so that its face is 
perpendicular to the line of sights and if the current appears 
to pass round the coil in a clockwise direction^ then that face 
will ha^fe south -seeking polarity. If the direction of the 
current is anti-clockwise then the face will have north-seeking 
polarity. These properties are rendered more evidi*nt if 
the wire is wound into a long solenoid, consisting of several 
turns of wire. 

(i.) Mutual Action of Solenoids. — Connect up the 
^apparatus as shown in Fig. 69. Carefully trace out the direc- 
tion of the current in each solenoid, and verify the magnetic 
attractions and repulsions, deduced from the above rule, by 
holding the ends of one spiral near to those of the other. 

(ii.) Action of Magnets upon. Solenoids.— Repeat these 
observations by holding the poles of a bar-magnet near to the 
ends of the suspended spiral, and observing the consequent 
attraction and repulsion. 


Adoitional Exkrcisks 

1. Arrange a given coil of wire with its plane vertical and 
perpendicular to the magnetic meridian, Pass a constant 
current through the coil, and map the magnetic field in the 
neighbourhood of the coil by means of a compass -needle. 
Reverse the direction of the current and repeat the experiment. 
(Inter. County Sch., L.C.C. 1900) 

2. Repeat the previous experiment, but place the coil with 
its plane in the magnetic meridian. 

.3. A strong current is sent along a straight wire, stretched 
horizontally in the meridian, and a dip needle is placed on the 
west side of the w'ire and with its plana in the meridian. Will 
the dip be altered by the current ? If so, will the alteration 
be the same whatever the direction of the current may be ? 

4. Wliat would be the magnetic eflfect produced on a 
straight steel tube by the passage of a strong current through 
a straight wire placed along the axis of the tube ? and hov/ 
would you prove your statement,^ (1898.) 

5. Suspend a short magnetised needle at the centre of a 
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circular coil, the plane of which is perpendicular to the 
ma^metic meridian. Determine the time of vibration of the 
needle. Pass a steady current throujjh the coil, and aj^ain 
determine the time of vibration. From these observations 
compare the strcnj(th of the magnetic field due to the coil, with 
that due to the earth. 

6. Stretch a wire horizontally from east to west (magnetic;. 
Suspend a short heavy magnetised needle immediately over 
the wire, and determine its time of vibration. Pass a current 
along the wire from east to west, and again determine the 
time of vibration. From these observations compare the 
strength of the field due ta the current with that due to 
the earth. Reverse the direction of the current, repeat the 
previous observation, and again compare the fields. 

Raise the needle vertically through 4 or 5 centimetres, 
and determine whether the field due to the current is much 
weaker than before. 



CHAPTER XVII 
GALVANOSCOPKS and CiALVANDMKTERS 

85. The Sensibility of a Galvanoscope 

Appanitus rcifuired . — Galvanoscope (see note 25, p. 224). 
A’oltaic cell, Rar-magnet. Lengths of thin (ierman- silver 
wire. Commutator. 

When a galvanoscope is adjusted so that the turns of wire 
coincide with the magnetic meridian, the amount of de- 



Fio. 70. — Miiiplc galvunobCLip'j. 


flection obtained is determined by the relative strengths of 
the magnetic forces due to the current and to the earth’s 
magnetic field. .The former tends to pull the needle into a 
position at right angles to the meridian, while the latter 
tends to pull the needle back into the meridian. 

These opposing forces may be represented by Fig. 71, in 
which ab •represent.s a narrow coil of wire, and ns^ the 
magnetised needle. If H and F are the strengths of the 
magnetic fields due to the earth and to the current respectively, 
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and if m is the magnetic-pole strength of the needle, then 
the forces acting on both n and s will be m x H and 
m X F. Each pair of forces acts on the needle like a 
mechanical couple. Each couple tends to rotate the needle 
in opposite directions, and the needle finally comes to rest 
in such a position that the moments of these couples round 
the centre of the needle are equal and op])osite. 

Moment of couple ///II — moment of couple ;//F, 

wll X cd^mY X (d)^ 

or, ///H X 2od~mY x 2ito, 

Hence 

^d ..an' .. 

m\' -V- ///H X - - ///H X ^ ///H X tangent of angle aon ; 

oa oa 


ifiY F 

or, the tangent of the angle of deflection-* -- 

, ///I I H 

This formula assumes that the magnetic field due to the 
coil is uniform, but in reality it is 
only uniform in a very small Region 
round the centre of the coil, and the 
formula would therefore only hold 
good if the magnet were very short. 

I'hc sensihiliiy may be defined as 
iJie amount of dcjlecfion obtained wit// 
a given current of e/ccfricity. The 
sensibility may therefore be increased 
either by increasing F or by de- 
creasing 11. F may be increased by 
making the coil with as many turns of 
wire as possible ; but this can only ^ 
receive consideration when the instru- 
ment is being constructed. II may be 
diminished conveniently by partly ncii- 
Iralising the earth’s field by means of a 
bar-magnet placed in a suitable posi- 
tion relatively to the suspended needle. 

(i.) Connect up the cell (fi), commutator (C), galvanoscope 



Fu;. 71. — Tho principle of a 
galvanometer. ' 


* It will be observed that the deflection is independent of the magnetic 
strengtlt of the needle. 
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(G\ and a suitable resistance (R)* of thin German-silver wire 

as shown in Fig. 72. Adjust the 
galvanoscope so that its coils are in 
the magnetic inerii^ian, and vary the 
resistance until a small deflection is 
obtcained (say i s'*). See that there 
are no magnets lying anywhere near 
the instrument. 'Fap the instru- 
ment gently, and note the scale 
readings of both ends of the pointer. 
Reverse the current, and again note 
the scale readings. 

Break the circuit. Place a small 
bar magnet on the table, 25 cms. 
to the north of' the galvanomet(‘r 
needle, with its axys in the meridian and in line with the needle, 
and with its north-seeking pole towards the instrument. Com 
plete the circuit and again note the deflections as before, both 
with the current direct and also reversed. 

Repeat the previous observations with the magnet at 20 
cms. and 1 5 cms. distant from the needle. 

Also, repeat the observations with the magnet clamped 
horizontally at a height of 20 cms. above the needle, with its 
, axis in the meridian, and with its north-seeking pole towards the 
nortli. Tabulate your observations in the following manner 





; M.i>;net. ! 

1 

i 

1 

1 

1 ' . 

Hast Kmf. 

West Ki 

iifl. 

a 

: ' ” " ! 

: Absent 

i 

' (ii.) 

1 

'1 

21’ 

21" 

1'““ ' ' 

(i.) . 

fii.) . 

-23' 

19” 

1 

1 

1 

]Mean 21' 

1 

Mean 

1 

21 

1 

25 cms. 1 

(i.) 

(ii.) 

28'.5 (i.; . 

28" i\i.) . 

3C 
25". 5 


* 

Mean 28'". 2 

Mean 

28". 2 


* A resistance-box is more convenient for this }nn|jhse (see p. 139). 
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86. The Astatic Galvanometer 

Apparatus feqmred. — ^Astatic galvanometer. Voltaic cell. 

Resistance-box (or a length of thin German-silver wiic). 

The sensibility of a simple gahanometer may be Increased 
by using an astatic pan of 
magnetised needles (tig. 

28) instead of a single 
needle. In such an astatic 
pair the tvio needles are 
appio\imatel> alike in 
dimensions and pole 
slicngtli * 

11 m and m aie the 

magnetic stiengths of the 73-“--rhe pnnnple of on astatic 

1 i,il\'inometcr 

poles of the magnets, the 

foiee'i due to the eaith^ field aeting on the magnets 
will be ;;/H and ;// H, and the resultant foree acting on 
the astatic p.iir will be or (;//-;;/)H In 

an astatic pan m-m* is a small quantit>, so that the 
contiolhng foice due to the eaith is \er\ small. Moreoicr 
))v placin.4 the (oil^so thit its uppei la\ei lies between the 
needles H ig 73), the presence of the uppci needle tends 
to inn ease the deflection of the lowci needle, since, by 
Ampeie’s Rule, the deflection of the upper needle, due 'to a 
curient m the uppei la>ei of the coil will be in the same 
dncction as that of a icveised needle placed below the 
upper li>ei of the coil 

I he ast.itic pan is hung by i single silk fibre, the toision 
of which IS sutficunt to mask the controlling eflect of the 
earth’s field, and, m fact, it foims the conticilling force in 
the mstiument It must be remcmbeied that, for this 
leason, the tangent law is not stiictly applicable. 

(1.’) Examine the polarity of the needles of the astatic pair 
by means of a compass needle. Reverse one of the needles 
either by untwisting the wiie suppoit thiough two light angles, 
or by removing one of the needles and leplacing it in a 
leversed position, so that similar poles are pointing m the 
same diiection. 

* See p 49. 
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Adjust the instrument so that the needles and coil are both 
in the magnetic meridian, and so that the needles swing quite 
freely. Note down the zero reading of both ends of the 
pointer. Connect up the terminals to a smaM voltaic cell by 
means of a length of thin German-silver wire, such that the 
deflection obtained is but small. Note the deflection by read- 
ing both ends of the pointer. 

Ikeak the circuit, and replace the magnets in their original 
relative position. Note down the zero readings. Again com- 
plete the circuit as before, and notice how much greater the 
deflection now is. Tabulate your observations in the following 
manner : 


Zero Readin;^ 






KaNt Knd. W est Kml. K;.st Kiul. Wist Kiwi. 


Mian 
I Vlk-rt’.oi 


Similar poles I j 

together t j 

I 

! 

Unlike [loles 
tt)getlier 


87. The Principle of the Tangrent Galvanometer 

Apparatus required , — Tangent galvanometer (Fig-. 74 ; see 
note 26, p. 225). Two or three voltaic cells (of constant 
E.M.F.). Resistance-bo.\ (up to 150 ohms). 

In order that a galvanometer niay obey the tangent law', 
it is necessary that the controlling .force should 'be due to a 
uniform magnetic field (such as that of the earth, and that 
the field created by the current in the coil should be uniform 
within the region in which the needle is capable of moving. 
If the coil is circular and of considerable diameter, the field 
at its centre due to a current passing round it will be fairly 
uniform. Hence, if a very short magnetised needle is sus- 
pended at the centre of a circular coil, which is placed with 
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its plane in the magnetic meridian, then all the conditions 
for an instrument obeying the tangent law will be fulfilled. 



Kk.. 74 . — A jonvenient form of tangent galvanometer. 


The strength (F) of the magnetic field at the centre of 
the coil, due to a current passing round the coil, varies 
directly as the strength (C) of the current, the length (1) 
of the wire, and inversely as the square of the distance (r) 
between the wire and the centre of the coil. If the coil 
consists only of one turn of wire, then / - 27rr. 

„ C X 27rr C X 27r 

H r 

If the coil consists of n turns of wire, then 
y C X 27rn 
r, 

(i.) Adjustment of the instrument. — Adjust the instrument 
so that the plane of the coil is in the magnetic meridian. Note 
down the zero readings of both ends of the pointer. Tap the 
instrument gently with the knuckle, and observe whether the 
readings have altered. 

Cause the needle to swing slightly by holding a pole of a bar- 
magnet near to the instrument. Remove the magnet to a distance, 
and. again note down the zero readings. Again tap the instru- 
ment, and note down the zero readings. If the needle moves 
quite freely on its pivot, all these readings should be the same. 

K 
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Now, connect up the battery (U), the commutator (C), the 
resistance-box (R), and the galvanometer (G) by mejins of 
cotton-covered copper wires, as shown in Fig. 72. The coil 
of the galvanometer need not be exactly ‘in the magnetic 
meridian. Connect up the galvanometer in such a manner 
that all its coils arc in use. Withdraw the plugs marked “ 50” 
and 100 ” from the resistance-box, and pass a current through 
the galvanometer by completing the circuit by the help of tlie 
commutator. Modify the resistance in the circuit until a con- 
venient detiection of from 40 to 60’ is obtained. 

Break the circuit, and note the scale reading of one end of 
the pointer (say, + 4^'). Now, note the deflection (say, -f- 5 s'"), 
when the current is in one direction, and (say, 45") when 
the current is reversed. The actual deflections are +51'* 
and — 49“. If now the plane of the coil is turned through 

= i'', the real deflections on “cither side of the point 

2 

of rest will be equal. Repeat the observations of the de- 
flections and see whether this is the case. 

(ii. ) Effect of increasing the Number of Turns of Wire. — 
The elTcct of inci casing the number of turns ('//) of wire maybe 
obtained in the follow ing manner : Connect up the apparatus 
as in the previous experiment, but in this case use only one 
voltaic cell. Witlulraw’ the plug marked “ ro,’' note the deflec- 
tions when the current is pa.ssing in one direction and also 
w'hen the current is reversed. Repeat these observations, 
using a different number of turns of wire in dij in successive 
observations. Enter the results in the following manner 


(i) Nunil)**r 
of turns («). 


20 


(ion (a) ^ 

(0 Mean of 
I (7) and ( 0. 

( 7 ) hast hnd. (0 W'csi Kiul. j 
I 

23^8 j mean | mean ' 

1 2.5 -55 24 -oj 2J .8 j 2J '.(>7 


(s) Nuinriiial 
v.iluc of 

of (4). 


0.438 


Plot out a curve on squared paper (Fig. 75), with llic number 
of turns as abscissae and the numerical value of tan a as ordinates, 
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and observe whether the points obtained are in a straight line. 



Fin, 75.— KJationship between tan a ami the number of turns of 
in a tangent gal\anomet^i. 


Draw' a straight line tliioiigh the tw'o lowest deflections, and 
notice in what manner the curve deviates from this line. 

Repeat the previous experiment, but withdraw’ the plug 
maiked “ 50 ’ (instead of that marked “ 10”) from the resist- 
ance-box. Plot out the readings on squared paper as before, 
and observe that the points obtained arc practically in a 
straight line. 

'Ihese experinients indicate that tan a is approximately 
proportional to the number of turns of wire, if the resistance 
outside the galvanometer is considerable compared with that 
of the gahanometer. 

(iii.) Effect of moving the Needle from the Centre of the 
Coil. — If the needle is moved along the axis of the coil and 
away from its centre, the deflection gradually becomes less, 
and the instrument may be used under such conditioi|it'for 
the comparison of strong currents. 

Connect the outer circuit to the first and the last terminals 
of the galvanometer so that all the coils are in series, and 
modify the resistance in the box until a deflection of about 
60 is obtained when the needle is situated at the centre of 
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the coil \ series ot observations m.i> now be tiken in oiclci 
to show how tan a chanj^cs when the necdk is moved into 
different positions alon^ the axis of the coil Ihi distances 
fiom the ceiitic aie leul oh on the paper sr ile ( ittaelud to the 
edge of the nn^netometei and in fiont of whuh a pointei is 
h\ed to the stand of the instiument) 1 ntei the results thus 


(i)fl ri/ 0 !it'il 
Sc lie 

1 Rt iihntr 

1 Dcflcf Hon (a) 

j () 1 1 st I I 1 [ ( ) West I 111 

f 

( ) i« 1 ( ) 

N uincriL il 
. V ilut of 

r inv,cnt :)f ( 4 ) 

! ° ' j 

lS9 75/ ^ 

j s ty 's 

(K>'* 15 

1 739 

1 I 

r S9" 9 1 6 

1 59 ? ( ” 1 


SO ^ 1 

I 718 


Plot out these readings on squaicd p.iper, with the horizontal 



T If ^6 — Rehtionship between tan a ind the distance of 
• medie from rentre of coil 


scale readings as abscissae, and Aie values of tan a as ordinates. 
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Notice the peculiar character of the curve (Fig. 76), which 
clearly shows that the one quantity is not inversely proportional 
to the other, biU tliat the relationship is somewhat more com- 
plicated. 


88. The Mirror Galvanometer 

Appuf^atus ret/uirctf. A galvanometer of the d’Arsonval 
type is the most (onvenicnt. (The 
construction of a “needle” type of 
instrument is described in ixotc 27, 
p. 225.) A \oltciic cell. A high 
resistance (sec note 28, p. 227^. J.amp 
and scafe (see note 27, p. 226). 

(i.) Light the oil lamp, and compare 
the height of the flame with that of the 
mirror above the table. Adjust the 
height of the galvanometer (Fig. 78), 
so that the mirror is about 2 or 3 cms. 
higher than the flame. Place the box 
(A, Fig. 78) in such a position that as 
little light as possible falls upon the 
fiont, and adjust the lamp inside the 
box so that the flame is edgeways and 
just behind the slit. Place the gal- 
vanometer at least 50 cins. distant 
from the front of the box, and with 
the mirror parallel to the plane of the 
slit. (If the gcdvanomeier is 0/ tjje 
needle type, the plane of the slit and of the galvanometer coil 
should coincide w'ith the magnetic meridian ; or, if this is 
not convenient, the position of rest of the mirror may be 
regulated by means of a controlling magnet placed above, ^r 
at the back of the giilvanometer. if the instrument is of 
the d’Arsonval type, these precautions are not required.) 
Place the eye just over and behind the mirror, and move the 
slit to one side or the other until a full beam of light falls 
on the mirror. Place the lens ^ position in the path of the 
beam of light, and adjust its position so that a well-defined 
image 0/ the cross wy;p is obtained bn the plane coinciding 



Fu.. 77. — -'V simple type of 
mil I ( >1 i'.il\ .mometer. 
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AMth the sill. hi\ the papci (cntiinetie scale (^D) in such a 
position that the imaj(c of the wire is focussed on the scale 
divisions 

Connect up the teiniin.ils of the f^alvanonietci v\ilh those of 



Fu - - Mtlh d f iMiMi^dtlU ti IIS m i niiti i 4, il\ ii mti 1 


a Single voltaic cell, ifu/miifi^ in the ( in tut n hiji 
nsntnme (I ig 79), and obscivc vvhethei the image moves 
freel) aloni; the scale both 
to right and left. 

Aftci fitting up the 
apparatus vou vv ill unde 1 
stand that the mil 1 01 gal 
vanometei chieflv dificis 
fiom other types in the 
method used foi ob 
seiving the dcikction of 
the needle (01 coil) Ihe 

- /•IV 4.1 * > > \ hll,h Uslsl lim I MlMMl 

beam of light seivcs the ptmii inus luUd a\ mitt \^\>s 
same pin pose as a very 

long pomtei, and, b) placing the miiioi some distance 
from the scale, a veiy small deflection of the miiioi (ause^ 
a considciable movement of the image on the sc file (I 01 
further information on the use of a icflected beam of light, 
see p. 59 
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89. Calibration of a Galvanoscope 

Apparatus required . — Voltaic cells (of constant K.M.K.). 
Kesistance-box, or adjustable resistance (see note 29, p. 227). 
Commutator. (Galvanoscope and tangent galvanometer. 

It is very seldom found that the deflection produced in a 
simple galvanoscope is proportional to the current flowing 
through it. 'I'he following experiment indicates how, by 
passing the same current simultaneously through the 
gmh anoscope and a tangent galvanometer, and by varying 
the strength of this current, it is possible to obtain a series 
of readings, wliich will enable 
us at any time to compare two 
currents by observing' the deflec- 
tion of the galvanoscope. 

(i.) Connect up the high resist 
ance coil of the tangent galvano- 
meter ((’n), the galvanoscope ((G.,), 
the resistance-box, etc., as shown 
in Fig. 80. Adjust the resistance 
so that a deflection of about 10" 
is obtained with the tangent gal- 
vanometer. 'Fake simultaneous 
readings of both instruments. 

Repeat these observations several 
times, gradually reducing the resistance until the tangent 
galvanometer needle is deflected through about 70'. Record 
vour observations in the following manner : — 
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Plot out a curve (Fig. 8i) on squared paper, taking the 



Fui 8i —Calibration ( ur\e of a gaI\anosLopu 

deflections ab abscissae and the corresponding values of 
tan as ordinates. 


Additional Kxkrcisls 

1. The coil of a tangent galvanometer is placed at right 
angles to the magnetic meiidian, and a steady turrent passes 
through it. The needle when set in \ibiation makes five 
oscillations in a given time, but only three in the same time 
when the direction of the cunent is reveised. Compaie the 
magnetic force at the centre of the coil due to the cm rent with 
that due to the earth. (1896.) 

2. A current flo\>s through tangent galvanometers in series, 
each of which consists of a single ring of copper, the radius of 
one ring being three times that of the other. In which of the 
galvanometers will the deflection of the needle be greater? 
If the greater deflection be 60 * what will the smaller be ? 
(1898.) 

3. The coil of a tangent^ galvanometer is in the magnetic 
meridian, and a current produces a deflection of 45''. A bar- 
magnet is placed horizontally, to the south of the coil, with its 
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axis in the plane of the coil, and with its north-seeking pole 
towards the coil. The deflection of the needle is now reduced 
to 30“, although the current has remained unaltered. Compare 
the strength of the magnetic field at the centre of the coil in 
the two cases. 



CHAPTER Will 
RKSfSTANCK. Off MS I.A\ ' 

The preliminary experiineiits in electrostatics have shown 
tliat some substances readily conduct electricity, that some are 
non-conductors, while otluTs can scarcely be classified under 
either cate^^mry, but form a separate class of partial conductors. 
This properly of a substance may be termed comiin tiviiy^ or 
the same idea may be expressed in a reverse manner by the 
term resisth>ity or resistame {e.g. we may say that silk has low 
conductivity or hiylt resistance). 

Resistance may be defined as the property which a body 
possesses of inipediny^ the dischary^e of electricity through its 
substance, 

90. The Resistance of a Wire in Relation to 
Length, Cross Section and Substance 

Apparatus reyw/m/.- Large Bunsen cell (or an accumu- 
lator). Tangent galvanometer (low resistance). 'Fwo coils of 
silk-covered tierman-silver w'ire (No. 28 .S.W.C i.%* and 5 and 10 
metres long respectively ). One coil of covered tierman-silver 
wire (No. 32 S.W.O., and ro metres long). Coils of covered 
copper and iron wire (No. 28 S.W.Ci., .and eacli id metres 
long). 

(i.) Resistance and Length. — Connect one end of the 
5-metre length of (ierman-.silver wire (No. 28) to one pole of the 
cell, and connect the other end to a terminal of the short thick 
coil of the galvanometer. Connect the other terminal of the 


'Fhc letters Sj. W.G. indicate the Standani Wire (iau^i^e. 
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cell and the galvanometer together by means of a short copper 
wire. The tangent of the angle of deflection is a measure of 
the magnitude of the current. Note the deflection. 

Insert the lo-metre length of German-silver wire (No. 28) in 
the circuit instead of the 5 -metre length. Note the deflection. 

These observations show that the resistance increases when 
the length is increased. 

(ii.) Resistance and Diameter. — Repeat the previous obser- 
vations when the current traverses 10 metres of No. 32 German- 
silver wire. Note the deflection, and compare this with the 
deflection obtained when the same length of No. 28 wire was 
used. Observe that the diameter of No. 32 wire is less than 
that of No. 28. 

I'he experiment indicates that the resistance increases when 
the diameter is diminished. 

(iii.) Resistance depends upon the Metal. — Repeat the 
observations with 10 metres of No 28 iron wire, and with the 
same length of No. 28 copper wire. Note the deflection in 
each case, and compare tliese with the deflection obtained with 
the same length of German-silver wire of the same diameter. 

The experiment indicates that the resistance of iron is less 
than that of (ierman-silver, and that the resistance of copper is 
less than that of iron. 

Tabulate your observations in the following manner : — 


r.ength. 

M.'iterial. 

Size. 

Deflection (a). 

- 

tun a. 

5 Mielrcs 

(j^riiian silver 

No. 28 



10 ,, 

1 

1 

i 

i 

> j 

i 

! 

! 1 

»» 

i 




The student will now be able to understand the principle 
of the Resistance -boxes, which are so frequently used in 
experimental work. Several thick brass connecting pieces 
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are mounted on the ebonite lid of the box, and the space 
between each pair of pieces is occupied by a well-fitting brass 
plug. If the lid is removed it will be seen that consecutive 
ends of the brass pieces are joined together by a length of 
thin German-silver (or, sometimes manganin *) wire wound 
round a bobbin. If any plug is removed from the lid, the 
current must pass through the coil which bridges the gap, 
and which offers resistance to the passage of the current. 
If the plug is inserted into the gap, the current passes 
through the plug (which offers very small resistance com- 
pared with the coil f). The various coils contain different 
lengths of wire of different thicknesses, and are carefully 
adjusted so that their resistances have the relative numerical 
values which aie indicated on the lid of the box. I'hc Unit 
of Resistance (which is called the Ohm) will be explained in 
a subsequent chapter ; but the student may form an idea of 
the resistance represented by the ohm by remembering that 
92.3 centimetres of No. 28 German-silver wire have a resist- 
ance of approximately one ohm. The numbers stamped on 
the lid of a resistance-box indicate the resistance (in ohms) 
of the coil underneath. 

91. Resistance of a Simple Voltaic Cell 

Apparatus required. - - Tangent galvanometer. Simple 
voltaic cell (as described Ixilow). Very dilute sulphuric acid 
(in which a little potassium bichromate is dissolved I Pipette. 

Simple JWtaic Cell . — Fill a wide shallow beaker to a depth 
of 2 inches with dean white sand. The sand serves as a con- 
venient means of supporting the zinc and copper plates of the 
simple voltaic cell, since the depth of immersion and the 
distance apart of the plates can thus be readily j^djusted. 

* Manganin is an alloy consisting of 84 parts of copper, 12 of nickel, 
and 3. 5 of manganese. 

t 'fhe student will notice that there are two paths open to the current — 
it may traverse both the coil and the plug. If the resistfince of the paths 
were equal the current would divide itself equally Ijctween them. In the 
present case the resistance of the plug is negligibly small compared with 
that of the coil, therefore practically the whole of the current will traverse 
the plug. The plug constitutes what may be termed a * * low-resistance 
s^uut circuit/’ 
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Connect the supporting wires soldef^d to the plates to wires 
leading to the galvanometer by means of binding screws. If 
a copper plalte is not available, a piece of stout copper wire 
will serve satisfactorily the requirements of the experiment. 

(i.) Pour sufficient acid into the beaker so as just to cover 
the zinc and copper plates, and connect the plates to the 
terminals of the low- resistance coil of the galvanometer. Place 
the plates close together and observe the deflection. Separate 
them gradually and observe how the deflection diminishes, 
showing that the resistance of the cell is inci eased when the 
length of the liquid column between the two plates is increased. 

Now raise the plates slightly so that a smaller area is 
immersed. Notice how the deflection diminishes as the cross- 
sec'tiion of the liquid column between the plates becomes less. 

This explains the advantage of using a large cell instead of 
a small one. The^E.M.K. of the cell simply depends upon the 
materials used, and is quite independent of the size; but the 
resistance depends very largely upon the size, and only becomes 
negligible when a cell with large plates close together (such as 
those of an accumulator) is used. 

92. Ohm’s Law 

.Apparatus required, ^ A length of No. 32 German -silver 
wire (2 metres long), stretched between tenninals fixed into 
a board, aifd with a centimetre scale fixed under the wire (a 
potentiometer may be used for this experiment). An adjust- 
able resistance (a carbon-block resistance is suitable). Tangent 
galvanometer (with three or four turns of wire). Three voltaic 
cells of constant E. M.F. Three standard cells (Clark, or 
Calomel type ; see note 32, p. 227*). Mirror galvanometer. 
High resistance (sec note 28, p. 227). 

G. S. Ohm, in 1826, conducted original experiments on 
the conductivity of different metals, on the effect of varying 
the cross-section of the wires, and on the relation between 
the current created in a wire and the potential difference 
between the ends of the wire. The latter experiments 
resulted in the statement of a simple relationship which is 
usually termed Ohm^s Law. This law may be expressed 
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thus : In any wirc^ a^^ uniform tcmperaiurt\ the cuf rent is 
directly proportionai to the potential dijjerence behoeen its 

ends ; or, is a constant ratio 

(where K and C represent the pott'iuial difTcrence and the 
current respectively). 

'rhe numerical niaj»nitude of the ratio is a measure of 

the Red'ifaniC of the conductor. 

1 ^' 

The constancy of the ratio may he proved by applyin^^ 

the follo\\inj4 principle; If any two ]joints (A and C, Fi^. 
82) on a wire, AI>, conveying a current, are touched by the 



ends of a long thin wire, AR.,C, a weak current will be 
generated and will traverse the thin wire from A to C. 
This weak current may be detected by including in its path 
a delicate galvanometer We can jjiso include in the 

same circuit another source of electromotive force, E.^ (say, a 
standard cell), placed ^o as to tend to send a current in the 
opposite direction. If this opposing;;- electromotive force is 
equal to that due to thje potential diflference between A and 
C, then no current will traverse the wire, and no deflection 
will be produced in the galvanometer. By varying the 
point of contact C, a point may be found such that no 
deflection is. obtained, and the potential difference between 
A and C is equal to the electromotive force of one standard 
cell. The strength of the current along AB may be 
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observed by including a tanf^ent g-alvanometer (T(i) in the 
circuit. 

If f 7 uo standard cells in series are used’ instead of Eg, and 
if the point of contact (C) remains fixed, it will be found 
necessary to double the strength of current passing along 
AH in order to obtain no deflection in MCi. If Ihree standard 
cells are used, the current in AH must be made three times 
as great. 

(i.) Connect up the apparatus as shown in Fig. 82, and 
adjust the resistance K, so that a deflection of al)Out 15" is 
obtained in TO. Find a point C such that no current 
traverses M(i when one suindard cell is used. Carefully 
read the deflection in T(i, and also when the commutator is 
reversed. 

Insert huo standard cells in place of E^. Make contact at 
the same point C, and reduce the resistance until there is 
no deflection in MG. Again read the deflections in TG as 
before. 

Repeat, with three standard cells. Enter your observations 
in the following manner : - 


Standard 
t ells (w). 

1 )eflc( tion in TG. 

K.ist Kiid. 1 West Knd. 

1 

Mean 

I)efl»*Ltion. 

tana. 

n 

tana 

• 

I 


12 .4I 
.0 

11 .1 

0. 196 

5.102 

2 


20 

2 *"-.15 

0.391 

5.II5 

3 


32°-4\ TO' A 
28'.5J30-4 

30-4 

1 0.587 

i 

- 5.110 


93. Further Experiments on Ohm’s Law 

Apparatus required , — Voltaic cells (at least three, and of 
low internal resistance). Resistance -box. Commutator. 
Tangent galvanometer (with low resistance coil). 
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If the units of current, electromotive force, and resistance 
are suitably chosen, then Ohm’s Law may be expressed 
E 

thus ; C — or E ^ C x R (where C = strength of current, 
K. 

E = electromotive force of battery, and R= total resistance 
in the circuit). 

(i.) If £ remains constant, then the product C x R is 
constant. — Connect up one voltaic cell to the commutator, 
and connect this to the low resistance coil of the galvanometer 
and to the resistance>box (as shown in Fig. 72). Withdraw 
the 50-ohm plug, and obser\'e the deflection of both ends of 
the pointer, with commutator up and with commutator down. 
Repeat the observations with 100 ohms in circuit, and also 
with 150 ohms in circuit. Record your observations thus : — 



E 

(ii.) If R remains constant, the ratio ^ is also con> 

stant. — Connect up three voltaic cells in series, and complete 
the circuit through the commutator, re$istance-box, ’and the 
high resistance coil of the tangent galvanometer, as in Expt. 
93 (**)• Withdraw the plugs from the resistance-box until 
a resistance of about 1 50 ohms is in circuit, and increase this 
(if necessary) until a deflection of about 60“ is obtained. Note 
the deflections as before, and repeat the observations with two 
cells, and with one cell in circuit. Record your obsen'ations 
■thus : — 
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[ 

1 Number uf 

Deflection^». 

Mean 

Deflection 

(a). 

tana. 

N 

CelI.s(N). 

End. 

West End. 

tana' 


1 

1 

! 


1 



Notice that, in this expeiiinent, cells of /ouf internal 
resistance are used. This is necessary since the total re- 
sistance must remain approximately constant, and this can 
only be so if the internal resistance of the cells is negligible 
compared with the total resistance in the circuit. 


94. Fall of Potential along* a Uniform Straight 
Wire conveying a Current 

Apparatus required , — Two or three voltaic cells (of con- 
stant E. M. F. ). Thin 
(icrman- silver wire 
(1 metre long) 
stretched between 
two binding screws ^ 
and over a metre 
scale. Tangent gal- 
vanometer of high 
resistance (or The 
galvanoscopc may 
be used, if previously calibrated, and if of high resistance). 
Commutator. Connecting wires.* 

If AB (Fig. 83) represents a long wire of uniform 

* More trustworthy observations are obtained if 
the galvanometer wires terminate in con tact* pieces 
(Fig. 84). These may readily be made from stout 
sheet brass, with the lower edge filed to a V-shaped 
edge, and^with a pibcc of thick copper wire soldered 
to one side of the sheet. 



Fig. 84. 



L 
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material and cross-section, the resistance of each unit of 
length is the same. If a current traverses the wire, the 
strength of the current is the same in each unit of length, 
and the potential difference between the ends of each unit 

length must be the same ; 
in other words, the fall of 
potential along the wire 
must be uniform. This 
may be represented in a 
diagram (Fig. 85) in which 
the length of the horizontal 
line represents the resist- 
ance of the wire, and those 
of the vertical lines represent the potentials at various points 
along the wire. The potential difference between any two 
points (A and II) will be represented by and the 

diagram shows that \\a depends^upon the distance between 
A and B; If the fall of potential along the wire is uniform, 
V a 

the ratio • • - should therefore have a constant value. 

AB 

The potential difference between various points may be 
compared by touching pairs of points with the ends of wires 
connected to the terminals of a tangent galvanometer, in 
which the current generated will be proportional to the 
potential difference between the ends of the wires. 

(i.) Connect up the apparatus as shown in Fig. 83. Take 
a series of readings, noting in each case the distance Aa and 
the deflection produced. Enter your observations in the 
following manner : — 
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95. Fall of Potential along two Wires connected 
in Parallel 

Apparatus tequired . — Voltaic cells. Commutator. Two 
leni^ths (say, loo cms. and 50 cins. lon^ respectively) of thin 
( Herman-silver wire, each stretched on a board between binding 
screws and over centimetre scales. 

If a number of conductors are arranged with their ends 
in contact, so that a current entering at one end has several 
paths open to it, they are said to be arranged in parallel 
or in multiple arc. Fig. 86 represents a voltaic cell All, 




with its poles connected together by two wires in multiple 
arc, and the resistances of these wires may be represented 
by the symbols r^ and Let the resistances of .these two 
wires be represented by the lengths of the lines AB and A'B' 
(Fig. 87). The potentials at A and A' are equal, so also those 
at B and B'. Imagine that a terminal wire of a galvanometer 
is connected to a point h on the wire AB, and that the other 
galvanometer wire is connected^ to a point h* on' the wire 
A'B'. A current will pass through the galvanometer unless 
h and // are at the same potential, i.e. unless hv — h'v. 
Imagine that the point li has been found such that no 
deflection is observed on the galvanometer. Then 
hv Itv 
AV'^A'V’ 

^ . .hv ^ m ^ llv B 7 «' 

But, from geometry, = and 
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\Wi B7/ 

'riicrefore written 

BA ^ B'A' 

B// ' IV/? ’ 

I u •. 

Subtract unity from both sides, - i = - * : 

^ \wi B// 



BA - B// 

B'A' - B7/' 

or, 

B//~ 

B7/' 


A// 

A7/ 

or, 

//B 

"//'IV ’ 


0 

K. 

or, 

-= . 



'•4 


(i.) Connect up the apparatus as shown in Fig. 88. 
Having selected any point on one wire, make contact at 
some point, //', near to one end of the other wire, and note 
the direction of the deflection ; make contact at a point near 



to the other end of the wire A'B', w'hen the deflection is 
probably reversed, showing that the 'desired point is some- 
where between these two points of contact. . Now touch at 
other pairs of points on A'lV nearer together, until a point is 
reached at which there is no deflection. Read off* the distances 
PJt and A 7 i. Tabulate your observations in the following 
manner : — 
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A//. 


Length A 7 #'. 


Ratio 


Kutio 


A'A' 
/I'iy * 


96. Wheatstone’s Bridge 

Wheatstone’s Bridge is a practical application of the 
theoretical result obtained in the previous section. Fig. 89 
represents a simple form of the bridge. It consists of a 
length of (Jerman-silver wire stretched along a board, and 
the ends of the wire are soldered to metal strips to which 
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binding screws are attached. The wire may be 50 cms. or 
100 cms. long, and a wooden scale is placed under the wire 
to enable, exact lengths of the wire to be used in experi- 
ments. The two resistances P and Q to be compared are 
connected to binding screws as indicated in the diagram. 
The galvanometer is connected to the binding-screws at E 
and F. One pole of the voltaic cell is connected to A, and 
the other pole is connected to a long wire, the free end of 
which is brought into contact with various points of the 
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German-silver wire EK. The divided circuit consists of the 
two paths APEC and AQFC. When the point C has been 
found such that no deflection is observed, then 


P ^ EC 
Q^CF* 

The lengths of EC and CF are given by the wooden 
scale, and the ratio of their resistances is the same as the 


ratio of their lengths. 


Hence the ratio — is determined. 


UNITS OF CURRENT, QUANTITY, ELECTRO- 
MOTIVE FORCE, AND RESISTANCE 

^Electromaiinetic I ^nits 

(i.) Current. — A current has unit strength when i cm. 
length of its circuit, bent into the form of an arc of i cm. radius, 
exerts a force of i dyne * on a unit magnet-pole t placed at 
the centre of the arc. 

(ii.) Quantity. Unit quantity is that which is conveyed 
by the unit of current in one second. 4 

(iii.) Electromotive Force.- -The unit difference of potential 
exists between two points when unit work (one erg J) has to be 
done in order to- convey one' unit of (quantity between the two 
points. 

(iv.) Resistance. — A conductor has unit resistance when 
unit difference of potential l^etween its ends causes a current 
of unit strength to flow through it. 


Practical Units 

The Practical Unit of Current.-— The electro-magnetic 
unit of current defined above is found to be tod large for 
practical purposes, and another unit is universally adopted 

* Thu dyne is the absolulu unit of forcu ; it is approximately Wjual to 
the wuight of i niinignim. 

f A magnet pole has unit strength when it repels an ecjual similar pole, 
placed I cm. distant, with a force of one dyne. 

:J: Theer^^is equal to the u oik done by one dyne in moving through 
a distance of i cm. 
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Inch IS equal to part of the electro magnetic unit I his 

practical unit is called the Ampere 

The Practical Unit of Quantity. — The elatro magnetic 
unit of quantity has been defined as the quantit) conveyed b) 
unit current in one second The pi actual unit of quantity is 
that which will be eonveved b> one ampere in one second, and 
IS therefoie equal to part of the electro magnetic unit of 
quantity. Phis unit is called the Coulomb 

The Practical Unit of E.M.P. (or Potential Difference). 

•— Ihc electro -magnetic unit (p 150) is far too small for 
practical puiposes, and a muehlargei unit is adopted which is 
equal to 10^ electro magnetic uhits Ihis larger unit is c'alled 
the Volt (In ordei to expiess \er> large numbers it is con 
venient to use the index system of notation — thus is the 

inde\ notation representing 10 multiplied by itself 8 times, it 
100,000,000 The volt IS therefore equal to one hundred 
million electro magnetic units) 

1 he student may form a mental conception of the magnitude 
of the volt by the fact that the EMI of the Daniell cell is 
I 07 \olts, the ^ Grove cell i 95 volts, the Bunsen cell i 94 
\olts, and the I eclanche \ 46 volts 

The Practical Unit of Besistance — A conductoi is said 
to possess the practical unit of resistance when a potential 
diffeienee of one volt between its ends will cause a current of 
one ampeie to flow through it I his unit is called the Ohm 


^ Addiiionai EXtRCIStS 

1 A wiie AB of 033 ohm lesistanee, forms pait of a 
circuit thiough which an electric cunent flows m the diiection 
from A to B The points A and B aie also connected by 
anothei conducting path, in which is included a cell of E M F 

I 287 volts and a g.ilvanometer, the positive pole of the cell 
being that joined to A If the galvanometei is not deflected, 
what IS the strength of the cm rent m the wire AB ? (1897 ) 

2 A square sheet of tinfoil is fi\ed to the suiface of a glass 
plate, and the middle points of opposite edges of the foil aie 
connected to the teiminals ol a battciy \\ ith the aid of a 
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sensitive galvanometer and a pair of needles, trace out the 
lines of equal potential in the foil. 

3. A coil of six turns, each of which is r metre in diameter, 
deflects a compass needle at its centre through 45". Find 
the strength of the current in amperes, having given that 
H = 0.1 S e.G.S. units. (1892.) 



CHAPTER XIX 

Experiments with the Wheatstone J^riooe 


97. The Construction of a l-Ohm Coil 


Apparatus required . — Wheatstone bridge. Galvanometer. 
A standard i-ohm coil. German-silver or manganin wire (No. 
28 is a convenient size). Wooden cylinder (Fig. 90). Thick 
copper wire. 


(i.) Connect up the apparatus as shown in Fig. 89. 
Measure out i metre of German silver-wire (No. 28), and remove 
the silk covering from the ends. Insert the wire in the gap Q, 
and find the point of contact on the bridge wire, which gives 
no deflection in the galvanometer. Calculate the resistance of 

j> 

the wire by means of the formula (see p. 150), and 

Q Cr 

note that the resistance is rather greater than one ohm. Shorten 
' the wire slightly, and again determine its resistance. Repeat 
this until no deflection is obtained when the point of contact is 
exactly at the middle of the bridge wire. 

Refore removing the wire from the bridge, bend the ends 
of the wire to a right angle just where the wire leaves the 
binding screws. Solder 
to the end of each wire 
a length ( i o cms.) of 
thick copper wire, adjust- 
ing the wire so that the 
.soldering terminates at 
the points where the wire is bent. Carefully wash the soldered 
joints in water. Insert the copper wires through the holes 
bored in the ends of the wooden cylinder provided. Double 



Fig. 90. 
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the wire together at its middle point, then wrap it round the 
cylinder, and tie it in position ^vith cotton thread. Rc-detcnnine 
the resistance as accurately as possible, and write this in pencil 
on the cylinder. 

98. The Resistance of a Wire varies directly as 
the Length, and inversely as the Cross-section 

Apparatus required, —Wheatstone bridge, etc. Standard 
resistance. German-silver wire (Nos. 28 and 32). Metre 
scale. Micrometer wire guagc. Solution of caustic potash. 

(i.) The Resistajice varies directly as the Length.— Cut 

two pieces (of different length) of No. 28 (ierinan-silver wire. 
Bare the ends of the wires, and bend the bared ends to a right 
angle. Measure the length (between the bends) of each wire. 
Measure the resistance of each wire, taking care that the wire 
leaves the binding screws of the' bridge just where the bend is 
situated. Enter your results thus : — 




Resistance (R.) 


I 

I 


2 




(ii.) The Resistance varies inversely as the Cross-section. 

— Cut two lengths of Nos. 28 and 32 German-silver wire. 

Remove the insulation from the ends of the wires by dipping 
them into a hot solution of caustic potash. (The use of a knife 
might alter the diameter.) Measure the diameter {d^ and d,^ 
of each wire at three different points, and lake the mean value 
as the true diameter in each case. Calculate the cross-section 


of each wire by means of the formula, Cross-section = x 
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Measure exactly equal lengths of the wires, and determine 
their resistances. Enter your results thus ; — ^ 

I Diameter Cross-section (s). Resistance (R). (s x K). 


N. H. — Retain the two wires for the requirements of the 
next experiment. 

99. The Resistance of two Wires in Parallel 

Apparatus required , — The same as in previous experiment. 

If a number of conductors are arranged with their ends in 
contact, so that a current entering at one end has several 
paths open to it, they are said to be in parallel or in 
multiple arc. Fig. 86 represents a voltaic cell AH, with 
Its poles connected together by two wires in parallel, the 
resistance of which are and r,^. The potential difference 
between the ends of the wires is the same in both cases ; 
let it be denoted by E. 

E 

If is the current traversing the wire then = . 

ir . 

' 2 

The total currenj C traversing the circuit is equal to the 
sum of Cj- and ; 

E 

^ 1^2 ‘ 

Hence the combined resistance of two wires in parallel 
i\' equal to their product divhled by their sum. 


' 1 '2 ' ^ 1 ^ ' r 2 ' 
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(i.) Insert the two wires (of which the resistances, and 
are known) in parallel between the binding’ screws of the 
bridge. Measure the resistance. Enter your results thus : — 


j ' i Kesist.'incc in Parallel I 

II 


>1. 

r.i. 





(calculated). 

lly Kxi)etiiiu::il. 


\ 

i 

i 

• 1 

\ 

\ 

\ 

\ 


100. Specific Resistance of a Metal 

Apparatus required . — The same as in £xpt. 98. 

The Specific Resistance of any metal is the resistance of 
a cube of the metal, each edge of the cube being i cm. long. 
Such a cube may be regarded as a wire i cm. long and 
I sq. cm. cross-section ; if the dimensions of the wire are 
altered to / cms. in length and s sq. cms. in cross-section, 
then 

Resistance (R)~ Specific resistance (/’) x 


In order to determine k for any metal, it is necessary to 
measure the length, cross-section, anjl resistance of a piece 
of that metal in the form of a wire. 

(i.) Measure the length, cross-section, and resistance of a 
piece of German-silver wire by the method described in Kxpl. 
98. Enter your results thus : — 
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' Metal. 

Length (/)• 

CrosS'Section (ir/^). 

Resistance (R). 

RxwrS 
/ • 


« 


' 



N.B. — It is usual to express the specific resistance of a 


metal in millionths of an ohm (or, 
microhms). Therefore the recognised 
result will be obtained by multiplying 

the value of ^ R x by i 

101. The Effect of Changre of 
Temperature on the Resist- 
ance of a Wire. 

Apparatu'i required . — Spiral of iron 
wire fitted as shown in Fig. 91 (see 
note 30, p. 227). Wheatstone bridge, 
and accessories. One-ohm coil. 

(i.) Place a deep beaker full of water 
on a tripod, and fix the tube containing 
the wire spiral in the water. Connect 
up the ends of the spiral by means of 
thick copper wires to the binding screws 
of the bridge. ^After the tube has been 
in the water for about five minutes, stir 
the paraffin oil, and note the temperature. 
Measure the resistance of the spiral. 
Slowly warm the water, and frequently 
stir the oil. When the temperature has 
risen about 10" C., remove the flame, stir 
the oil and repeat the observations of 



temperature and resistance. Repeat fig. 91.-- Apparatus to show 
tHese readings at higher temperatures. SueTo change oftem'^ 
From the first and the last observations lure. 
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determine how much a wire of loo-ohm^ resistance would 
increase in resistance due to a chanjje in tempei.itine of C , 
- R, - R, loo 

”®’ ‘r,, ^rr_, T,r 

Enter your observations thus 


I *1 tmpci Hurt 


Kcsist met 


Per cc nt mere ist clue to 
rite of 1 ( 



^ 102. Specific Resistance of 

f Liquids * 



I ir 92.— Vppar ilus 
to determine r* 
sist mec of liquids 


Appataiit^ fcqmped Two voltaic cells (of 
constant EMI ) 01 accumulators. Resist- 
ance-box , Galvanoscope (or tangent galvano 
meter) Long glass tube, ai ranged to contain 
the electrolyte Tsee note 31, p 227^ Solution 
of copper sulphate (20 per cent) Burette 
Metie scale 

The resistance of a column of liquid (R) = 
Specific resistance (i) x length of column i^/) 
Cross-section (Trr^) ’ 


(1 ) Deteimine the cioss-section of the 
tube (Fig. 92) in the following manner — 
Clean the tube, insert a cork in the lower end, 
and clamp it in a vertical position. By 
means of a burette, pour exactl) 100 c.c. 
of water into the tube, and measure the 


This (xpenment is inserted hero m order to contrast the inethoil of 
del* miming the specific resistance of solids with that of clcctiolytis 
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height (//) to which the water rises. 7'hen, height {h) x cross- 
section {7rr-)==- 100 C.C., or 

o 100 

xrr- sq. cms. 

Dry the tube, insert the lower terminal, and nearly fill the 
tube with the solution of copper sulphate. Connect up the 
cells, galvanometer, resistance-box, and glass tube in series. 
Adjust the copper discs about 40 cms. apart, and vary the 
resistance in circuit until a deflection of about 40° or 50“ is 
obtained. Note the deflection. Mark the position of the 
upper disc by attaching a piece of gummed paper outside 
the lube. Increase the resistgince in the box by about 50 ohms, 
and notice how the deflection is diminished. Lower the upper 
disc until the deflection is the same as before. Measure, by 
means of a scale, the distance through which the disc has been 
lowered ; the resistance of this length of the liquid column is 
evidently equal to that added in the resistance-box. Repeat these 
observation two or three times. Enter your results thus :~ - 


Liquid. 

Cioss-scction of 

I.ene(th of Li i#id 

Hesistam c 

RXTrr2 

tube 

Column (/). 

.idded (R). 

/ • 


i 

! 1 

2 

3 

1 

% 

1 



Additional Exercises 

1. Determine the specific resistance of copper and of iron. ' 

2. Determine the specific resistance of the following 
solutions : — 

(i.) Saturated solution of copper sulphate. 

(ii.) Sulphuric acid (5 per cent solution). 

(iii.) Saturated solution of ammonium chloride. 
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3. A wire is bent into the form of a circle (50 cms. radius), 
and the circle is marked off into four equal parts at the points 
A, B, C, and D. The points B and D are connected by a straight 
wire of the same material and diameter as that of the circle. 
If I metre of the wire has a resistance of one olim, compare 
the resistance between A a;id C with that between B and D. 

4. A glass tube, i metre long and i millimetre in diameter 
is filled with mercury. If the specific resistance of mercury 
is 94.3 microhms, find the resistance of the mercury thread. 

5. The resistance of a reel of wire is 75 ohms. 'I'wo 
metres of the wire are cut off, and the resistance of this 
portion is found to be 0.25 ohm. What was the total length 
of wire on the reel ? 

6. You are supplied with wire having a diameter of .04 cm. 
and a specific resistance of 47.5 microhms. What length of the 
wire will be required in order to make a lo-ohm resistance 
coil ? 

7. A compass-needle is placed at the centre of two con- 
centric circles which are in the same vertical plane, and are 
made of wires similar in all respects except that the outer is 
copper, the inner CJermai\ silver. The wires are connected 
in multiple arc, but so that the currents which flow through 
them circulate in opposite directions. What must be the ratio 
of the diameters of the circles that no effect may be produced 
on the needle.^ (N.B. — Assume the conductivity of copper to 
be twelve times that of German silver). (1891.) 



CHAPTER XX 

The Potentiometer. Electromotive Force and In- 
ternal Resistance of Cells. Grouping of Cells 

The potentiometer simply consists of a long uniform wire 
along which a steady current may be sent, and along which 
the fall of potential is uniform. It has already been used 
in Expt. 92 (p. 1 41), in which a measure of the E.M.F. of a 
standard cell is obtained by balancing its E.M.F. against 
an opposite potential difference derived from the long wire. 
In Fig. 82 the length of the wire between the points of 
contact (A and C) is a measure of the E.M.F. of the cell 
Eg. If another cell is substituted for Eg, and if the length 
of wire required to neutralise its E.M.F. is determined, then 
the ratio of the E.M.F. of the two cells is numerically equal 
to the ratio of the length of wire in the two observations. 

103. Comparison of E.M.F. of Cells (Potentiometer 
Method) 

Apparatus required, — Same as in Expt. 92. Daniell, 
Leclanche, Bunsen, Dry Cell, Accumulator, etc. 

(i.) Connect up the apparatus as in Fig. 82. Frequently 
observe the deflection in the tangent galvanometer, and keep 
it constant by adjusting R (if necessary). Note the length of 
wire AC required to balance the E.M.F. of each cell when 
placed successively in the shunt circuit (see p. 140). Enter 
your observations in the following manner : — 


M 
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'fypc of t!cll. 


1 )encctioii ill 
( •alvanomctcr. 


LciV'.th of Wire 

(AC). 


, I. Daniell i * /i -- 

I ' I 

; 2. Lt'clanclu'* j Z^-- 

I 

' 3 * 

' 4 - ! ’ : 


Express the E:M.F. of each cell in terms of that of the 
Daniell thus — 

I.eclanche 4, 

Jianiell /j 


104. Fall of Potential at the Terminals of a Cell 
when the Circuit is closed. Internal Re- 
sistance of Cells (Potentiometer Method). 


K 

As a j>^encral rule the ecjuation C — -- is applied to the 

K 

entire circuit traversed by the current, including the battery 
as well as the external wires, both of which offer a resistance 
to the passage of the current. Hence, the symbol R includes 
both the resistance of the wire (usually termed the external 
resistance) and also that of the battery (usually termed the 
internal resistance). It is better to represent these com- 
ponent resistances by separate symbols, and to write the 
equation thus - - * 


where R --the external resistance, and the internal re.sist- 
ance. Since the battery has resistance, a portion of its 
E.M.F. will be used up in driving the current through the 
battery, and only the remainder of the total E.M.F. will 
be available for driving the current through the wire. This' 
is rendered more evident by writing the above equation 
thus — 
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INTERNAL RESISTANCE 


(Total E.M.F.) 


CR 

(E.M.F\ used 
in external 
circuit.) 


Cr. (2) 
(E.M.F. used 
in internal 
circuit.) 


This is represented diagrammatically in Fig. 93, 
where AB represents the ^ 
internal resistance and BC £' 

the external resistance. AE ^ 
is the total E.M.F., and ¥.e 
is the portion used up in 
overcoming the resistance of ^ ^ 

the cell, while liE' represents Jj 

the difference of potential * 
between the ends of the wire. 

Equation (2) may be written — 

E = + ^2 . 

The relative values of E and may be determined by 
means of the potentiometer, and the relative value of e,) can 
then be obtained by difference. • 

Since = >7- = ; if the value of R is known, the in- 

^2 Cr r * 

ternal resistance (r) of the cell can be determined. 

(i.) Daniell Cell. — Measure the E.M.F. (expressed in cms. 
length of the potentiometer wire) of the cell on open circuit, 
by means of the potentiometer. Connect the poles of the cell 
through a resistance (K) of 10 ohms, and again measure the 
E.M.F. at the terminals. Break the circuit, and again 
measure the F2.M.F. in open circuit. Carefully note whether 
the total F2.M.F'. is the same as at the beginning of the experi- 
ment. Enter your results thus : — 


Total E.M.F. 
(E). 


Kesistance (R). 


E.M.F. in Closed | 
Cirruit (<'i). | 


I 
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(il.) Leclanchd Cell. — Repeat Expt (i.) with a Leclanche 
cell, and carefully note that the total E.M.F. is considerably 
reduced immediately after the terminals have been short- 
circuited through a lo-ohm resistance. Determine the total 
E.M.F. at the end of every minute, in order to see how rapidly 
the cell recovers its original E.M.F. This temporary loss of 
E.M.F. is due to polarisation (see p. 1 1 1), and indicates one of 
the chief disadvantages of the Lcclanch^ cell. This rapid loss 
of E.M.F., on being short-circuited, will gf course render the 
determination of and of ;* untrustworthy. 

105. Calibration of a Voltmeter (Low reading) 

Apparatus required, — Potentiometer, etc. Voltmeter (read- 
ing 0-5 volts). 

A voltmeter is exactly the same in principle as a galvano- 
meter, except that the coil consists of a long wire of high 
resistance. If the terminals of the instrument are connected 
to any points of a closed circuit the extremely weak current 
which flows through the shunt circuit thus established will 
be proportional to the potential difference between the 
terminals. The scale Jittached to the instrument is usually 
calibrated in 7 »olts, 

(i.) Arrange the potentiometer, etc., as shown in Fig. 82, 
and connect the + ve terminal of the voltmeter to that end 
of the potentiometer wire which is at higher potential. Main- 
tain a constant current through the potentiometer during the 
experiment. Make contact between the - ve terminal of the 
voltmeter and a scries of equidistant points on the potentio- 
meter. Note in each case the length of wire and the corre- 
sponding reading of the voltmeter. Enter your results thus : — 


of Potentiometer i 

Reading of 

Wire. j 

Voltmeter. • 

200 

0.70 

300 

1. 10 

400 

1.42 

500 

1.80 

• 700 

2.52 

900 

3.40 
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Plot out these readings on squa|ed paper, with the lengths 
of wire as abscissae and voltmeter readings as ordinates. 

106. Compai’ison of the E.M.F. of Voltaic Cells 
(Direct Deflection Method) 

Apparatus required , — Various cells. Mirror galvanometer. 
High resistance. Commutator. 

The current generated in a simple circuit (consisting of a 
high resistance and a mirror galvanometer) is, by Ohm*s 
law, proportional to the E.M-F. of the cell. The E.M.F. of 
different types of cell may be compared by inserting them 
successively in such a circuit, and comparing the current 
generated in each case. If the circuit includes a high re- 
sistance the internal resistance of the cells may be neglected ; 
and if a sensitive mirror galvanometer is used the deflections 
observed may be regarded as proportional to the current 
passing through the instrument. 

(i.) Connect in series the galvanometer, high resistance, 
commutator, and one of the cells supplied. Adjust the high 
resistance until a moderate deflection is observed. Carefully 
note the deflection. Reverse the current, and again note the 
deflection. Calculate the mean deflection. Repeat the 
observations with other types of cell. Enter your observations 
in the following manner : — 


Type of Cell, 

« 

Deflection. 

^^ean 

J>cflection. 

Left. j Right. 

1 

i. Daniell 

ii. Leclanch^ 





Calculate the E.M.F. of the cells in terms of that of the 
Daniell. 
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1 07. ‘Voltmeters 

The function of the galvanometer in the previous experi- 
ment suggests the principle of several types of ifoltmefcr (or 
instrument for measuring differences of electrical pressure 
between any pair of points in a clgsed circuit). Such 
instruments are constructed either with a magnet suspended 
within a fixed coil of high resistance, or with a coil of high 
resistance suspended within a permahefit magnetic field. 
The scale of the instruments is calibrated in volts. It is 
essential that the coil should in either case have a high re- 
sistance, in order that when connected to any jioints in a 
1 losed circuit it shall not interfere, to any measiiiMblc extent, 
with the distribution of current in the main circuit ; in fact, 
the voltmeter forms a rcsistcincc shunt to the main 

circuit, and the current traversing the shunt is, though so 
small, nevertheless proportional to the potential difference 
between its ends. 

108. Comparison of the E.M.F. of Voltaic Cells 
(Method of Sum and Difference) 

Apparatus required . Various types of cells (including a 
Daniell cell). Tangent galvanometer.* Commutator. Resist- 
ance (lo or 20 ohms). 

If two cells (K.M.F. denoted by and E^,) are connected 
in series with a tangent galvanometer, then tan a is propor- 
tional to (Ej -H E*,). If E., is then reversed, ta// a will be 
less than before, and w'ill be proportional to E^ — E.^, (assum- 
ing that E^ is greater than E.,). Hence 

tau a I Ej + P]., 
tau a., PI, - PI.^’ 

PI, tan tt, -h tan a., 

or, (i) 

P.-.^ tan a, — tan 

(i.) Connect up the Daniell cell (E.M.P". =PI.,) with another 
cell (E.M.P\ ^ Ej^) in series, with a commutator, resistance, and 

* A tangent galvanometer will be sufficiently sensitive for this experi- 
ment il the K. M. F. of the cells differ by about 20 jxjr cent ; otherwise it 
is better to use a mirror galvanometer and a high resistance. 
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tangent galvanometer. Note the deflection of both ends of 
the needle, and also when the current is reversed. Reverse 
the cell having the lower E.M.F., and repeat the observations. 
Enter your resultc thus : — 


Comparison jqf LeclanM {K^) and Dank I I (E^,) 


Cells. 


(Ki 


In opposition I (i. ) 

(K|-E,) Jj (ii.) 


1 )eflections. 

! 

i 

‘ -Mean Dcllec- 
1 tion (a). 

j 

tan a. 1 

1 

1 

Kast Knd. 

West Eml 

(i.) 


!) 





tan tti = 

i (ii-) 

1 


j 


(i.) 


1 





tan =■ 

(ii.) 


j 

i 


Calculate the value of the ratio 


by means of equation (i ), 


109. Internal Resistance of Voltaic Cells (Tangent 
Galvanometer Method) 

Apparatus required . — -nattery of cells (three Leclanche 
cells are convenient). Box of known resistances. Tangent 
galvanometer (of known resistance). Commutator. 

E E 

By Ohm’s law, R =>;,= , .. (where X’ = constant of 

^ C Ian if ' 

galvanometer, and i) ~ angle of deflection) ; hence R (the 

total resistance) is proportional to If different values 

of the external resistance, together with the corresponding 

values of are plotted out on squared paper, the various 

points will be found to be on a straight line (Fig. 94), but 
this line intersects the horizontal axis at O', and does not 
pass through the point of intersection (O) of the axes. 
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This is due jipparently to the fact that no allowance has 
been made for the 
internal resistance of 
the cells ; the distance 
OO' is a measure of 
this internal resist- 
ance, which should 
have been added to 
the external resistance 
in order to give the 
total resistance. 



(i.) Connect up the 
battery, coiiimutator, gal- 
vanometer, and resist- 
ance-box in series, and 

adjust the external resistance so that a convenient deflection is 
obtained. Note the external resistance, and the deflection 
obtained. Repeat, with the current reversed. Take at least 
three separate o))servations, with different resistances in the 
external circuit. Enter your results thus : — 

Battery used = three Leclanche cells (in series). 
Resistance of galvanometer = 


Resistance 

Total 

External 

Deflection. 

Mean 

X 

in Jiox. 

Resistance 

(r). 

Hast End. 

West End. 


tan B 

! 

i 

' * 


- 

I 



Plot out these observations on squared paper, taking the 

external resistance (r)as abscissae, and as ordinates. • 

^ ' * tan o' 

Calculate, the resistance of a single cell. 
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110. Grouping of Cells 


Apparatus required . — Three Leclanche cells. Resistances 
of 5 ohms and loo ohms. Tangent galvanometer. Com- 
mutator. 


If n cells are connected together in series, and if E and 
are the E.M.F. and internal resistance of one cell, then 




;/E 


(0 


If the cells are connected together in parallel, the E.M.F. 
will be the same as that of one cell ; the arrangement will 
be equivalent to one large cell, the plates of which are n 
times as large as those of a single cell. Hence the total 
r 

internal resistance = - , and 



It is clear, from equation (i), when r is small compared 
with R, that the current obtained is approximately pro- 
portional to the number of cells used. But if R is small 
compared with r, then the current is scarcely increased by 
an increase in the i\umber of cells, since the total resistance 
(R + «r) will be increased almost in the same proportion as 
the E.M.F. ; in this case it is advantageous to connect the 
cells in multiple arc so as to reduce the internal resistance, 
as represented in equation (2). 

(i.) Connect up in series. one Leclanche cell, a resistance 
of 100 ohms, the commutator, and a tangent galvanometer. 
Note the deflection. ' Repeat with two cells in series, with 
three cells in series, and with three cells in parallel. 

Rc()eat these observations, but use a s-ohm resistance 
instead of the lOO-ohm resistance. Enter your observations 
in the following manner : — 



170 KXERCISES IN MAGNETISM & ELECTRICITY pi. m 


1 

Lt-i laiK he (. ells. 

ResisUiiu 1 
of Coil. 

1 Deflection. 

hast End. , West End. 

1 

1 

' Mean 
Deflection 
(a). 

tan a. 

I cell 

5 uhins 





2 cells in series | 






3 cells in senes ' 






; 3 cells in iiaiallel 

- 



1 

f 


Note which iiiicinj^cinent of celK ^jives a maximum cm i cut 
lhroiij»h the low lesistance, and through the high resistance. 


110 b. The Use of Shunts 


Apfiara/us requirccL —Mirror galvanometer. High resist- 
ance (lo to 20 megohms). Voltaic cell. IJox of resistances. 
It has been shoun, on p. 155, that when two conductors, 
of resistance «ind aic arranged in multiple arc, their 

^i^> 


combined icsist«ince is equal to 


r, { ;' > 


and Ihef current 


1 1 / > 

divides into two portions, r. and t „ such that . — 

This principle is often adopted in order to reduce the 
sensibility of a galvanometer, by connecting the coil of the 
instrument in multiple arc with a separate coil of known 
resistance (termed the Shunt), « 

If R,, and Rs are the resistances of the galvanometer and 
shunt respectively and C,, and C# the corresponding currents, 
then 



C,_ 

K./ 


C^</ 

!<;’ 


+ C,| _ 

K.+ K„ 

or, 


r; ’ 


c„ 


or, 

c,+c„ 

r,+r;, 
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But (Cft C^) constitutes the total current traversing the 
circuit, hence the fraction of the current traversing the 

galvanometer is equal to \r * 

In order that the total current traversing the circuit may 
remain practically constant, however much the shunt may 
be altered, it is necessary that the total resistance in the 
circuit be very great compared with tjiat of the galvanometer 
and shunt. 

(i.) Measure the resistance of the galvanometer, if this has 
not previously been determined. Connect up the apparatus as 
shown in Kig. 95. Kj and 
represent plug-keys, which thougli 
convenient, are not essential. R 
is a high resistance of 10 to 20 
megohms, and S is the Skwrt. 

Observe the zero scale reading. 

Complete the circuit, and adjust 
R so that a considerable deflection 
is obtained ; enter the deflection 
in your note-book. Keep R con- 
stant ‘during the experiment. 

Insert S into the circuit, make its 
resistance about equal to that of 
O, and again note the deflection. Repeat the observations with 
different values of S. Enter your results thus : — 

Resistance of galvanometer (Rf,)== 124 ohms. 

Deflection (8^), when shunt is not included, — 236 mms. 






172 EXERCISES IN MAGNETISM & ELECTRICIXy pt. hi 

1 

Hence, the fraction of the total current which passes 
through the galvanometer, is equal to the ratio of the resist- 
ance of the shunt to the sum of the resistances of the 
galvanometer and shunt. 


Additional Exercises 

1. Two cells, A and B (E.M.F. and internal resistance of 
each are one volt and one ohm respectively), are arranged in 
series. The positive and negative poles of this battery are 
connected with the positive and negative poles respectively of 
a third cell C, exactly like A and B, the connecting wires 
having negligible resistance. What is the current in the 
circuit, and what is the potential difference between the 
positive and negative poles of the cell C (1891.) 

2. The positive poles A and B of a Grove and a Daniell 
cell are joined by a wire of 0.3-ohm resistance, and the 
negative poles C and D by a wire of o. 5 ohm. What is the 
difference of potential between the middle points of AB and 
CD? 

Grove cell : — Int. resistance = 0.2 ohm, E.M.P\~ 1.8 volt. 

Daniell cell : — Int. resistance = 0.4 ohm, E.M.F*. = 1.1 volt. 
(1898.) 

3. A circuit is formed of six similar cells in series and a 

wire of 10 ohms resistance. The E.M.F. of each cell is one 
volt and its internal resistance five ohms. Determine the differ- 
ence of. potential between the positive and negative poles of 
any one of the cells. (1894.) * 

4. Two cells, the E.M.F.’s of which are as 2 : i, are joined 

up in series with their E.M.F.’s acting in the same direction, 
and the circuit is completed through a tangent gal variometer, 
the needle of which is deflected through 60*'. If one of the 
cells is reverse4, no other change being made, what will be 
the deflection of the galvanometer ? ( 1 896.) 

5. A galvanometer, the resistance of which is J ohm, being 
joined up in circuit with a cell by thick copper wires, the 
resulting current iilnoted ; and it is found that the current in 
the galvanometer is halved if, without any othfer change being 
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made, the terminals of the galvanometer are joined by a wire 
of resistance o. i ohm. What is the resistance of the cell? 

(1893-) 

6. A coil of known resistance and a length of wire (of 
unknown resistance) are connected in series to the terminals 
of a voltaic cell. By means of the potentiometer and a 
sensitive galvanometer, determine the resistance of the length 
of wire. 

7. Determine the resistance of a short length of thick 
copper wire by the same method as described in Question 6. 



CHAPTER XXI 
Thermai. axd Chemical Effects 

111. Thermal Effects — Preliminary Experiments 

Apparatus required . — Two large Bunsen cells (or accumu- 
lators). Thin platinum wire (No. 32). 'I'hin copper wire. 
Thermometer. 

(i.) Heat generated in a Wire. — Connect two large 
Bunsen cells in series. Connect the poles, by means of thick 
copper wires, to the ends of a short piece of platinum wire 
(No. 32 S.W.G,). Observe how the wire is heated, and 
perhaps even glows. If the wire is too long it will not glow, 
since the total resistance is too grejit to allow sufficient current 
for the experiment ; the resistance may be reduced either by 
shortening the wire, or by reducing the resistance of a portion 
of the wire by immersing in a vessel of cold water, when the 
remaining portion will glow brightly. 

Substitute thin copper wire, for the platinum wire. Notice 
that the copper Avire does not acquire the same high tempera- 
ture as the platinum ; it may become perceptibly hot, but not 
more than this. 

(ii.) Heat generated in the Voltaic Cell. — Immerse a 
thermometer in the acid of one of the cells, and read the 
temperature of the liquid. Connect the -poles by means of a 
short thick wire, and allow the current to continue for a short 
time. Observe how the temperature of the acid gradually rises. 

112. Joule’s Law 

Apparatus required . — Two calorimeters fitted with spirals 
of wire (see note 33, p. 228). Two large lUinsen cells (or 
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accumulators). Tangent galvanometer (low resistance). Com- 
mutator. Adjustable resistance. 

Joule’s Law may be stated thus : The heat generated in 
a simple cirevit is proportional (i.) 
to the square of the current^ (ii.) to 
the resistance^ (iVi.) to the time during 
which the current continues. I'he 
general principle of the apparatus 
which Joule- used in the experimental 
proof of this law may be understood 
by reference to Fig. 96. The ends 
of an open coil of thin German- 
silver wire are connected to thick 
copper wires passing through the 
cork of the calorimeter. The coil 
is immersed in water, and all the 
heat generated in the wire is utilised 
in raising the temperature of the 
water and calorimeter ; the change 
in temperature can be observed by 
means of a thermometer. 

(i.) Heat generated is propor- 
tional to the Besistance and to the 
Time. — Connect up, as shown in Fig. 

97, the two spirals (R^ and R.,), the 
adjustable resistance (R), the battery 
(II), the commutator (C), and the 


Fig. 96. — Apparatus for 
proving Joule's law. 

tangent galvanometer ('F.G.). 
Adjust R, so as to obtain a 
suitable deflection of about 
30*". Dryandwdgh the calori- 
meters and pour equal weights 
of cold water into each of 
97* them, sufficient in quantity to 

cover the spirals. Note the reading of each thermometer. 'Note 
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the time by your watch and immediately complete the circuit. 
During the experiment, frequently stir the water in each 
caloi imeter by means of the stirrer passing through the cprks ; 
also carefully watch the galvanometer, and, if necessary, adjust 
R so as to keep the deflection constant. At the end of ten 
minutes note down the temperatures, quickly reverse the 
direction of the current, note the deflection, and continue the 
experiment for exactly ten minutes longer. Enter your results 
thus : — ‘ 

Resistance of R^ = ohms. ) 

Resistance of R, = ohms, j 


t 

I 


'1 iim 


1 ». nipera- 
tiirc of Rj 

I 

I _ 


I Peflu tion. 

I tin|)< i.i- • _ 

tun <»f R» 

I b ast Kiul. , West Kml. 


Deflu t ion tanai. 
(•l) I 


I 

i 

i 

I 


JO Ii. 30' 
10 h. 40' 

I 

10 h. 50' 


I 


Rise in temperature of R^ in 10 minutes _ 

' ' Rise in temperatuie of R^ in 20 minutes 

10 minutes __ 

20 minutes 

The equality of these ratios proves that ///e amount of heat 
generated by the current is proportiofial to the time. 

Rise in temperature of in 2a minutes 
' ^ Rise in temperature of Rjj in 20 minutes 

Resistance of Rj ^ 

Resistance of Rg 

The equality of these ratios proves that the amount of heat 
generated is proportional to the resistance. 
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(ii.) Heat generated is proportional to the Square of 
the Current Strength. — Remove from the circuit, and 

carry out the following experiment with Rjj : — Thoroughly dry 
the calorimeter ,and pour into it exactly the same weight of 
cold water as used in Expt. 1 12 (i.). Adjust R so as to obtain 
a greater deflection than before. Insert the spiral into the 
calorimeter and proceed exactly as in Kxpt. 112 (i.), taking 
special care to keep the deflection constant, and also reversing 
the current two or three times so as to obtain the true mean 
deflection. Enter your results thus : — 




Deflection. 

Mean 

Dcfkrtion 

(02)- 


Time. 

'rempera- 
tuic of R-j. 

Kaht End. 

West End. 

Lan ou. ] 

1 

II h. 0' 





1 

1 

1 

II h. 10' 

1 

] 





II h. 20' 







Compare the rise in temperature in this experiment with 
that obtained in the same calorimeter in Expt. 112 (i.), and 
calculate the following ratios : — 

Rise in temperature in Expt. ii. 

Rise in temperature in ICxpt. i. 

(tan 

This result should verify the fact that the heat developed is 
proportional to the square of the current. 

113. Practical Applications of the Thermal Effects 
of a Current 

*1. Safety Fuses. — The heat generated in a wire by a 
current is utilised for the purpose of protecting a conductor 

N 
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from loo strong a current. The usual method is to insert in 
the circuit a short piece of easily fusible wire (of lead or tin) 
of such a size that it will fuse before the current becomes 
dangerous to any other part of the circuit. 

3 . Incandescent Lamps. — The temperature of a carbon 
filament is raised to bright red heat by the passage of an 
electric current through the filaitlent. 

3. Electric Welding. — ^'Fwo bars of metal may be joined 
by placing them in contact end to end, and passing a strong 
current across the junction. The point of contact, offering a 
comparatively high resistance, is locally heated to a sufficiently 
high temperature U) weld the surfaces together. 

4. Blasting Fuses. — These consist of a short piece of thin 
platinum wire, inserted in the base of the detonating charge, the 
ends of which are connected by long insulated wires to a 
distant battery. The charge is fired by passing a strong 
current through the platinum wire. 

5. Electric Cautery. — ^In surgery, a short piece of platinum 
wire heated to redness by means of a current is frequently used 
for the purpose of cauterising animal tissue. 

114. Chemical Effects — Preliminary Experiments 

Apparatus required. — liunsen cells (or accumulators). 
Platinum wire. Dilute sulphuric acid. Copper sulphate 
solution (10 per cent with i c.c. concentrated sulphuric acid 
added to each litre). Apparatus for electrolysis of water. 
(Fig. 98). 

The passage of a current through mercury is similar in 
every respect to the passage of a current through a solid metal 
conductor — heat is developed in the mercury, but no other 
change is evident. But when the current traverses other 
liquids {e.g. acids, solutions of chemical salts, etc.) they 
undergo chemical change. Liquids which undergo chemical 
change when traversed by an electric current are termed 
Electrolytes^ and they are said to undergo Electrolysis. 

The ends -of the wires connected to the battery are termed 
electrodes; that by which the current enters the electrolyte 
is tenned the anode^ and that by which ’it leaves is termed 
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the kathode. The elements (or group of elements) liberated 
at the anode and kathode are termed the anions and kafions 
respectively 

(i.) Electroljrsis of Copper Sulphate. — Connect two short 
lengths of platinum wire to copper wires attached to the poles 
of a battery. Dip the platinum wires into a solution of copper 
sulphate. Allow the current to 
pass for a few moments, and 
observe how the kathode be- 
comes coated with a layer of 
copper ; also note what takes 
place at the anode. 

(ii.) Electrolysis of Water. 

— Nearly fill the funnel (Fig. 

98) with dilute sulphuric acid ; 
fill the test-tubes with a similar 
acid, and invert them oyer the 
platinum strips. Connect the 
copper w'ires to the terminals of 
a Bunsen battery (of at least 
two cells). Notice how the 
kfition accumulates twice as 
rapidly as the anion. Break 
the circuit, and remove the test-tubes (carefully closing the ends 
with the tliumb before removing them from the acid). Verify 
that the kation is hydrogen, and that the anion is oxygen. 

The electrolysis of water may be represented thus : — 



H ,0 

Water 


is decomposed 
into 


H2 

3 vols. 
Hydrogen 


+ 

and 


O. 

I vol. 
Oxygen, 


115. Faraday’s Laws of Electrolysis 

Apparatus required , — Battery of three large cells (or accumu- 
lators). Tangent galvanometer (low resistance). Commutator. 
Adjustable resistance. Copper voltameter (see note 34, p. 228). 
Water voltameter (see note 35, p. 228). 

Faraday deduced the following laws : — (i) The amount of 
chemical action is%qual at all points of a circuit. (2) The 
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quantity of an element liberated is proportional to the 
strength of the current and to the time during which it 
flows. 



— w 


Fig. 99, — Copper voltameter. 


(i.) The Weight of Copper deposited is ^oportioaal to 
the Time. — When using the copper voltameter (Fig. 99), the 

two outer plates should be 
joined together to form the 
tr/foi/r, while the middle plate 
the kathode. With this 
arrangement copper will be 
deposited on both sides of 
the kathode ; also the in- 
crease in weight of the 
kathode during any e.xperi- 
ment should equal the total 
loss in weight of the anodes. 

Thoroughly clean the cop- 
per plates with sand-paper. 
Connect up the battery, volta- 
meter (\'), adjii.stable resist- 
ance (R), commutator (C), 
and tangent galvanometer (T.Cf.), as shown in Fig. 100. Adjust 
R until a convenient deflection is obtained. Break the circuit, 
remove the copper plates, wash them in water and dry them 
quickly over a spirit flame. Weigh 
the kathode, and also the two anodes. 

Replace the plates in position. Note 
the time by your watch at the instant 
when the circuit is closed. Fre- 
quently observe the deflection, and 
keep it constant by adjusting R ; 
also, reverse the commutator occa- 
sionally so as to obtain the true 
deflection. At the end of fifteen 
minutes, break the circuit, remove 
the plates, wash them in water, dry 
them quickly over a flame, and weigh the kathode and also the 
anodes. Determine the increase in weight of the former and 
the loss in weight of the latter. , 



Fir.. 1 
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Repeat the experiment, using exactly the same current 
strength as before, and allow the deposition of copper to con- 
tinue for exactly thirty minutes. 

Enter your results thus : - 



Loss in 
Wtiiihtof I 
Anode. I 

I 


JJefli ctiori. 


K.ist Liicl. I West Knd. | 


Me. in 
Deflection. 



(li.) The Volume of Mixed Gases liberated from a Water 
Voltameter in a Given Time is Proportional to the Current 
Strength. — Connect up 
the voltameter (Fig. i o i ), 
battery, galvanometer, 
etc., as shown in Fig. l oo. 

Complete the circuit and 
allow the chemical action 
to proceed, adjusting the 
resistance (R) so that a 
deflection of 20''- 2 5'' is 
obtained. Keep the cir- 
cuit closed during- the 
whole of the experiment. 

Nearly fill the burette Fig. lo.—Watcr voltametet. 

with water, close it with 

the thumb, and invert the burette so as to ensure that the level 
of the water can be read directly on the graduated scale. 

In the experiment, the volume of mixed gaSes liberated is 
obtained by collecting them in the burette, observing the total 
volume of gas in the burette, and from this total subtracting 
the volume of air which was in the burette at the commence- 
ment of the experiment. Both %folumcs must be measured 
under the same conditions of temperature and pressure : this is 





I&S EXERCISES IN MACNETISM & ELECTRICITY PT. nr 

done by closing the burette with the thumb, inverting it, and 
immersing it in water contained in a deep glass cylinder, until 
the level of the water inside and outside the burette is the 
same. The enclosed gas is then at atmospherK: pressure, and 
its volume may be read, after leaving the burette immersed in 
the water for two or three minutes so as to acquire the same 
temperature as that of the surrounding water. 

Now transfer the burette to the glass trough, and at an 
observed moment (by your watch) place the burette over the 
leading tube from the voltameter. Carefully watch the deflec- 
tion, and keep it constant by means of the resistance (R). 
During the experiment rapidly reverse the current in the 
galvanometer by reversing the commutator as rapidly as 
possible, and note the deflection. When eight or ten minutes 
have elapsed, remove the burette from over the leading tube, 
noting the exact time at this moment. Read the total volume 
of gases in the manner already described. 

Reduce the resistance (R) until a deflection of 30* or 35'’ is 
obtained. Repeat the previous experiment, allmving i/ic current 
to continue for exactly the same time interval Enter your 
results thus : — 


! .. i . 

1 Initial Burette i Final Burette 

1 Reading. Reading. 

Volume of 
Mixed Gases 

in 

Mean 

Deflection (a) 

• 

taneu 

1 

2 

1 



t 

1 



Ratio of volumes of mixed gases, -1 “ 

^ '2 


current strengths, 


tan a. 


tan a., 


(lu.) The Amoimt of Chemical Action is equal at all 
Points of a Circuit. — An experiment to prove this law may be 
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arranged by inserting two copper voltameters in circuit, one 
on either side of the battery, and comparing the weight of 
copper deposited in the two voltameters. 

• 

116. Electro-chemical Equivalents 

It has been found that a current of one ampere will, in one 
second, deposit .000328 gm. of copper ; this is called the 
electro-chemical equivalent of copper. The electro-chemical 
equivalent of other elements can be calculated from this, since 
the weight of elements deposited by the same current in the 
same time is directly proportional to their chemical equivalents 
(/.t*. the weights of the element which will combine with, or 
replace, one gram* of hydrogen). 

The chemical equivalent of copper is 31.59 (when that of 
hydrogen is i). Hence the weight of hydrogen liberated by 

oneampere in one second = =0.0000104 gram ; this 

3i‘59 

weight of hydrogen will occupy 0.1155 c.c., measured at 
o'' C\ and 760 mm. pressure. 'Fhe volume of oxygen 
liberated, under the same conditions, is 0.0577 c.c. 

Hence, in the water voltameter, in which the mixed gases 
are collected, one ampere will liberate 0.1732 c.c. of the 
gases in one second. 

15 y means of these data the strength of a current may 
be determined either by measuring the weight of copper 
deposited, or the volumoof mixed gases liberated in a given 
interval of time : thus, in the case of a copper voltameter, 

Weight deposited — Electro-chein. equivalent x current x 
time. 

117. Industrial Applications of the Chemical 
. Action of an Electric Current 

Electro - plating is a term which denotes 'the deposition 
of a thin layer of a metal on any object by means of an electric 
current. The metals which are most frequently deposited in 
this manner are copper, silver, nickel, and gold. The objects 
to be plated are thoroughly cleaned, and then suspended from 
copper wires in a liquid bath (containing in solution a salt of 
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the metal which is to be deposited) ; the copper wires form the 
kathode, and a plate of the metal to be deposited forms the 
anode. The solution used in copper-plating contains copper 
sulphate, and is rendered slightly acid by the addition of 
sulphuric acid ; that used in nickel-plating contains nickel- 
ammonium sulphate and ammonium sulphate. Silver is 
deposited from a solution of the double cyanide of silver and 
potassium ; and gold is deposited from the double cyanide of 
gold and potassium. 

Electro-typing is the process by which the surface of any 
object is coated with a layer of copper sulhciently thick to allow 
it to be subsequently removed and used as a copy of the original 
object. The surface of the object is coated with black-lead in 
order to make the surface a conductor. Coins and medals 
may be reproduced by taking a plaster cast of the coin ; the 
face of the cast is then coated with black-lead, and copper is 
deposited on the conducting surface. Printcr^s type and wood 
engravings maybe reproduced by taking a cast in wax or in papier- 
mache, and obtaining a copper reproduction which is afterwards 
strengthened by being backed with a thick layer of type-metal. 

Electro -metallurgy includes the manufacture on a large 
scale of aluminium, which is obtained by the electrolysis of fused 
oxide of aluminium. The oxide is contained in a large iron 
vessel, which forms the kathode in the circuit ; the anode 
consists of several stout carbon rods. Oxygen is liberated at 
the anode and combines with the carbon to form carbon 
monoxide ; the aluminium gradually accumulates in the bottom 
of the iron vessel. The metals sodium and potassium were 
discovered by Davy, who separated the metals from the fused 
hydrate by means of electrolysis. 


Additional Exercises 

I. Part of the circuit of an electric current consists of a bare 
wire which passes through a vertical glass lube corked at the 
lower end. Explain the effect on the temperature of the wire 
and on the current in the circuit of gradually filling the tube 
with mercury. (1897,) 
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2. Explain the term electro - chemical equivalent. If 3 
amperes deposit 4 grammes of silver in twenty minutes, what 
is the electro-chemical equivalent of silver? (1899.) 

3. A current -is sent through three electrolytic cells, the first 
containing acidulated water, the second sulphate of copper, the 
third contains a solution of silver in cyanide of potassium. 
How much copper will have been deposited in the second cell, 
while 2.268 grammes of silver have been deposited in the 
third cell ? And what volume of mixed gases will have been 
given off at the same time in the first cell ? (Evening Exhibi- 
tions, L.C.C., 1900.) 

4. A dynamo is capable of depositing 4 kilograms of copper 
in one hour. What is the strength of current generated by 
the dynamo ? 
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The Constant of a Tangent Galvanometer 

The constant (K) of a tangent galvanometer is the num- 
erical quantity by which tan a must be multiplied in order 
to give the strength of the current in amperes ; or, 

C K tan a. 

K may be determined by either of four methods : (i.) 
By calculation from the radius of the coil and the number of 
turns of wire contained in it, and from the value of the 
horizontal intensity of the earth’s held at the place where 
the instrument is situated, (ii.) By the electrolytic de- 
position of copper, (iii.) By the volume of gases .liberated 
when water is electrolysed, (iv.) By the heat generated in 
a g\\Qn time in a wire of known resistance. 

118. The Constant. of a Galvanometer calculated 
from its Dimensions 

In § 87 it has been shown that the deflecting force in the 

tangenj^ galvanometer is (when C — the current 

in electromagnetic units, M = the number of tufns of wire, 
m = the pole strength of the needle, and r — the radius of the 
coils), also that the controlling force is Hw (w'herc H===the 
horizontal intensity). 

If the current is measured in amperes^ then the deflecting • 

. _ . CV 277 // y.m , , 1 , * 

force IS * ^ ' — (since 1 ampere — x electromagnetic 

unit of current). 
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deflecting force C x 2Tr/t yim L, C x 27 r// 

tana= - ^ = /Hxw = - . 

controlling force \or / loHr 

• C 

lint tana-^ 

K 


Hence 


C X 2Trn C 
loHr K’ 


or, 


loH;- 

27rfi 


(i.) It is necessary to know the hori/ontal intensity (H) of the 
earth’s field at the point where the galvanometer is situated, the 
radius of the coil (A'),and the number of turns (/i) of wire in the coil. 

If the value of H has not been determined accurately it will 
usually suffice to take H = o, 1 8 ; but, in this case, the space 
surrounding the instrument must be free from iron pipes or 
girders, and also from any bar-magnets, since these disturbing 
influences might considerably alter the value of H. The 
values of n and r can only be obtained during the making of 
the instrument. Note down your measurements thus : — 

Inner circumference of coil ( 27 rr) = 78.19 cms. 

^ Inner radius (;*)-= 12.45 cms. 

Radius of wire 0.07 cms. 

Mean radius of coil 12.52 cms. 

Number of turns of wire — 4 


lollr 10 X . 18 X 12.52 
2Trn " 6.283 X 4 


0.897. 


119. Galvanometer Constant, by the Weigrht of 
< Copper Deposited 

The method depends upon the fact that a current of one 
ampere will deposit 0.000328 gm. of copper in one second. 

If / - duration of experiment in seconds, 

W •= weight of copper deposited, 

C-' current in amperes, 

then amperes, 

0.000328 X/ 

K- ^ 

' 0.000328 X / X tan tt‘ 
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(i.) Conduct the experiment exactly as described on p. i8o, 
allowing the current to continue for about forty-five minutes. 
Enter your observations thus : — 


! 

j Time. 

i 

Weiglu of Cathode, j 

i 

Deflect ion. 

1 Kast Knd. 

i West End ^ 

; 1 

! 

1 Initial 11 h. 

1 

32' 

! 

13.642 grams, j 

i 

1 

2r.5 

1 i 

I 

1 Final 12 h. 

j 

. i 

32 ! 

1 

! 

14.1254 grams. ! 

23 "- 1 

! ' 

I 2I“.1 J, 


Mean 

Deflection. 


22'’. 4 


Weight of copper deposited (W) == 0.4834 grams. 
Duration of experiment (/) - 3600 seconds 
0.4834 

K = . - . . =0.9934. 

0.000328 X 3600 x* tan 22.4 


120. Galvanometer Constant, by the Electrolysis 
of Water 

The method depends upon the fact that a current of one 
ampere liberates 0.1734 c.c. of mi.xed gases in one second. 
Since this volume of gas is measured at o"C, while the gas 
liberated in the experiment is measured at the temperature 
of the room, it is necessary to calculate what this latter 
volume of gas would be if measured at o'^C.* Since the 
volume occupied by a gas is proportional to (273 + its 
temperature in degrees Centigrade), then-- 
Volume at o"X. _ 273 
;; ;,'t'‘c~~'27i+y 

or, Volume at o°C (V,) = Vj x . 

273 

* When considerable accuracy is required, it is also nece.ssary to cor- 
rect the volume of gas to normal pressure (760 mms. of mercury), since 
the volume o.*i734 c.c. is measured at this )>ressure. I’he volume of a 
gas varies inversely as the {pressure ; hence if the height of the barometer 

mms., the complete correction would be V= V, x - x - • . 

* 760 273-1-/ 
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If / - duration of the experiment in seconds 

V„ - volume of g^as liberated (corrected for temperature) 
C - current in amperes 

then C- y" ■ 

o. 1 734 X time 

and K = Xf! . 

o. 1 734 X time' x tan a 

(i.) Conduct the experiment exactly as described on p. i8i. 
Enter your results thus ; — 




'Pempera- 

Deflection. 



liurelto 

Keadin;'. 



Mean 

'rime. 

ture of 
Water. 

Kast Knd. 

West End. 

Uefiectioii 

(a). 

Initial, i ih. io'‘ 

j 

48.7 c.c. 1 

Y 

14^6 

f i 7''-9 

i 8”-3 1 

1 ’ 

I8^ 17 

Final, iih.aj'j 

2.7 c.c. ) 1 

1 

[ IS“.2 

lS ^4 1 

1 


V'^olume of gas at'i4®.8 (V^)-46 c.c. 


„ 0 “ C (V„) = --= 43-67 C.C. 


K = - 


43.67 


o. 1 734 X 780 X tan 1 8^ 1 7 


= 0.984. 


121. Galvanometer Constant, by the Heat 
generated in a Wire of Known Resistance 

Unit potential difference exists between two points when 
an expenditure of unit work is required in order to convey 
unit quantity of electricity between the two points. If the 
unit quantity is forcibly conveyed from lower to higher 
potential (i\e, in opposition to the electric forces) the work 
has to be done by some external agency ; but if it proceeds 
in the opposite direction (t.e. in obedience to the electric 
forces), then unit work will be done fy the electric forces. 
Tin a simple electrical circuit this work reappears in the form 
of heat. 
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If Q coulombs Iniverse a wire, between the ends of which 
there is a potential difference of E -oolts^ then the work done 
= (Q X E) practical units. Or, since Q - current (C) x time 
(/), the work done = EC/ — C'^Rl. 

In order to express the work done in absolute units (cr^s), 

C 

it must be remembered that C amperes — - absolute units, 

* lo 

and that K ohms == (R x lo^) absolute units of resistance. 
Hence, work done -- x (R x lo**) x / ergs. 

~ C-R/ X io“ ergs. . . (i.) 

The number of heat units* generated in the wire can be 
measured by means of the apparatus shown in Fig. 96, 
(P- * 75 )- ^^^bal heat units (H) generated = Heat ab- 

sorbed by the water + Heat absorbed by calorimeter and 
stirrer. 


If W ■-= weight of water 

70 = weight of calorimeter and stirrer 
= specific heat of copper 
Tj =thc initial temperature 
T., V- the final temperature 

then H . W ( f, - 'l\) + (T., - 'l\) (W + ws) (T^ - T,) 

heat units. 


By elaborate experiments Joule determined that the work 
equivalent to one heat unit — (4.2 x 10") ergs. 


Hence H ^ (\V 4- Tt's) (T2 - T^) (4.2 x 10") ergs. (ii.) 

By equating the expressions (i.) and (ii.) 

C-R/ X 10' = (T^ - Tj) (W + los) X (4.2 X 10"). 


orC= ,/n^,)(W + ««)y 4 . 2 - 


R/ 


amperes. 


But C — K tan a. 


Hence . ^ 2 j 

tan a ^ R/ 


(i.) Measure the resistance of the spiral (Fig. 96) by the 


* One heat unit {therm . , or, calorie) is the amount of heat reejnired to 
rai^ the temperature of one grain, of water through i® C, 
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Wheatstone bridge method (see p. 149). Clean, dry, and 
weigh the copper calorimeter and stirrer (without the cork, 
thermometer and spiral). Pour into the calorimeter enough 
cold water to covq^* the spiral, and again weigh. Connect up the 
spiral, galvanometer (low resistance coil), etc., as shown in 
97- Complete the circuit for a short interval of time in 
order to adjust R until a deflection of about 40“- 50® is ob- 
tained. Break the circuit, and stir the water in the calori- 
meter. Note the initial temperature. Complete the circuit, 
and note the time by your watch. Frequently stir the w^ater, 
and allow a uniform current to continue until a rise in tem- 
perature of not less than 3"* or 4° C. has been obtained. 
Quickly reverse the current, and note the deflection. Break 
the circuit and note the time. Enter your results thus : — 

Resistance (R) of spiral = 2 1.24 ohms. 

Weight of calorimeter and stirrer (w)— 57.95 grams. 

Specific heat of copper (.?) = o.o9. 

Weight of water (W)— 182 grams. 

Initial temperature (T^)— 17 ' C. 

Final temperature (T2) = 2o'’.8 C. 

Duration of experiment (?) =1080 seconds. 

/(T., - T, )*( W + 7 i\ 9 ) X 4- 2 

C“ V “ • — - y amperes = 0.36 1 amperes. 



Deflection. 

Mean 

Deflection 

(a). 

Tan a. 

K . 


East End. 

West End. 

tan a 

• 

1 

( 2 o “.4 

19". 7 ] 

21°. 1 1 



0.96s 

1 

0.361 

I 2I°.0 

i 20°. s 

0-3739 


Additional Exercises 

* 

I. Pass the same current through a copper voltameter and 
a tangent galvanometer. Detennine the strength of the 
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current by means of the voltameter (one ampere deposits 
.000329 grams of copper in one second). Deduce the current 
strength required to produce a deflection of 45° in the tangent 
galvanometer. (Int. County Schools, L.C.C., 1900.) 

2. A constant current is sent, for thirty minutes, through a 
copper voltameter and a tangent galvanometer, the coil of 
which has a radius of 15 cms., and consists of three turns of 
wire. The mean deflection observed is 60", and the weight of 
copper deposited in the voltameter is 1.6 gms. If the electro- 
chemical equivalent of copper is 0.000328, find the value of H. 

3. A current of one ampere flowing for one second through 
a resistance of r ohm produces 0.239 gram-centigrade units of 
heat. What current would have to flow for an hour through a 
resistance of 41.84 ohms in order that the heat produced might 
suffice to raise a kilogram of water from 0“ C. to the boiling 
point? (1897.) 

4. A current from an accumulator is sent through the low 
resistance coil of a tangent galvanometer, and through a coil of 
wire of o*5-ohm resistance which is immersed in 50 grams of 
water. The temperature of the water rose ii''.5 C. in thirty 
minutes. Calculate the strength of the current. If the mean 
deflection was 40 , find the constant of the galvanometer. 




CHAPTER XX III 

Solenoids. Magnetic Saturation. Absolute E.M.F. 

OE Standard Cells.* Efficiencv oe Lamp 

122. The Magrnetic Action of Solenoids 

Apparatus required . — Two long’ narrow solenoids of wire 
(not of the same gauge), (see note 36, p. 229). Magneto- 
meter. Tangent galvanometer (low resistance). Commu- 
tator. Battery. Carbon rhcostJit. 

It has already been shown (p. 12 1) that a solenoid, 
through which an electric current is passing, has magnetic 
properties similar to those of a bar -magnet. It can be 
proved by mathematical processes that the strength of the 
magnetic field in the neighbourhood of such a solenoid is 
proportional (i.) to the strength of the current traversing 
the solenoid, and (ii.) to the number of turns of wire per 
unit of length of the solenoid. These farts can be proved 
experimentally either by obser\ ing the changes in the de- 
flection of a magnetometer needle (when the solenoid is 
jdaced with its axis to the east or west of the centre of the 
needle), or by determining the changes in the rate of vibra- 
tion of a suspended magnet. In the following experiments 
the former method is adopted : — 

(i.) The Strength of the Field is Proportional to the 
Current. — Adjust, the magnetometer so that its scale is per- 
pendicular to the magnetic meridian. Place one of the sole- 
noids on the scale of the magnetometer in line with the centre 
of the needle, and with its near end about 10 cms. distant 
from the needless centre. Connect the solenoid in ^series with 
the rheostat (R), the galvanometer (TG), and the commutator 

o 
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(Fig. 102). The galvanometer must be placed at a consider- 
able distance from the solenoid. Adjust R so that a slight 



deflection of the magnetometer needle is observed. Note the 
deflections of both the magnetometer and the galvanometer, 
reverse the current and repeat the observations. Repeat this, 
using stronger currents. Enter your results thus : — 


Tjuigenl ( lalvruit 'meter. 

. 

Mean 

Deflection. 

tan a. 

1 .M.ignetomcter. 

* 

Metm 

J )cllcclion 

Kasl P^ncl. 

West Kn<l. 



i K.ist Knd. 

j 

West I'.ml. 






. 



Plot out a curve on squared paper, taking values of tan a 
as ordinates and values of tan B as abscissae. Note whether 
the curve obtained suggests any simple relationship between 
the current strength and the strength of (he magnetic field 
due to the solenoid. 

(ii.) The Strength of the Field' is proportional to the 
Number of Turns of Wire per Unit Length.— Insert both 
solenoids into the circuit, arranged as in Fig. 102, using connect- 
ing wires of sufficient length to allow one solenoid to be placed 
at a distance while observations are being made with the other. 

Count the total number of turns of wire in each solenoid, 
and also measure the total length of each solenoid. Calculate 
the number of turns of wire per cm. length. Place one of the 
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solenoids in.position (as described in Expt. 122, i.), and observe 
the deflection of the magnetometer needle ; repeat the obser- 
vations with the current reversed. Substitute the second 
solenoid for the fjrst one, and again repeat the observations. 
Enter your results thus : — 


umber of 

I )cflection. 

Mean 

tail a. 

per cm. length. 

Kast Kud. 

West End. 

netlci.'tion (a). 

N,- 



i 

1 

tan Oi 

Jt— — 



1 

j 

tan Oq --- 


N tan (t 

Calculate the following ratios: — (i.)— (ii.) — ^ 

iVi 

If these ratios arc equal, the experiincnt proves that the 
stretigth of the field is proportional to the number of turns of 
wire per unit length. 

1 23. Magnetisation of Iron by means of an Electric 
Current 

Afifianitiis required . — The same as in Expt. 122 (i.) Three 
or four pieces of soft iron wire (No. 22, 30 cms. long). 

If a piece of soft iron is situated within a magnetic field, 
the iron becomes magnetised in the same direction as that 
of the lines of force of the field ; also within certain limits, the 
degree of magnetisation depends upon the strength of the 
field. If, therefore, soft iron is placed inside a solenoid 
through which an electric current is passing, the iron will 
become magnetised. (It is upon this principle that Electro- 
magnets are constructed.) If the current strength is gradu- 
ally increased, the degree of magnetisation will also increase ; 
but if the current is increased beyond a certain limit it will 
be found that the magnetisation of the iron ceases to increase ; 
this indicates that the iron is magnetically saturated. 

The curve All (Fig. 103) indicates the relationship between 
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the current strcni^th and the ma^^neti.sati^)n of jlie iron while 
the current is beinx gradually increased ; and the flatness of 
the curve near to 1> indicates the magnetic saturation. If the 
current is now slowly diminished (curve Jj^C; it will be found, 



for any definite current strength, that the degree of mag- 
netisation is greater than when the current was increasing ; 
also, when the circuit is broken, thc^ magnetisation re- 
presented by the point C will still remain. If a weak 
current is sent through the solenoid in the reverse direction, 
and gradually increased, the iron will lose all its magnetisa- 
tion (as shown at point D) ; with a furtlier increase of 
current the curve DK wall be obtained, the flatness at E 
indicating saturation with reversed polarity. If the current 
is now gradually diminished, the curve P-F is obtained. The 
remainder (P'GK) of tlic curve is obtained by again reversing 
the current to its original direction and gradually inrrea*sing 
its strength. 
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Evidently, in this cycle of operations, the magnetisation 
behind the current, and this behaviour on the part of the iron 
is termed Hysteresis, The area enclosed within the curved 
figure depends up&n the quality of iron or steel used : soft iron 
gives a much smaller area than steel. The results of such an 
experiment afford important information as to the suitability 
of samples of iron in the construction of dynamos, etc. 

(i.) Arrange the apparatus in the same manner as described 
in Expt. 122 (i.), and insert three lengths of soft iron wire into 
the solenoid (the length of each wire should be equal to that 
of the solenoid). Since the current may not be reversed at each 
reading, it is,; necessary, in order to obtain the true deflection, 
to note the zero readings of the pointers of both the magneto- 
meter at^d the tangent galvanometer ; enter these readings in 
your note-book as shown below, and subtract or add them, as 
the case may be, from all subsequent readings of deflection 
(8 87, i.). Adjust R so that a very weak current traverses 
the circuit. Complete the circuit, and note the deflections of 
both instruments. Do not tap the magnetometer or disturb it in 
any 7 my, Repeat these observations with increasing current, 
until a deflection of 60* or 70® is obtained in the tangent 
galvanometer. Continue the observations, diminishing the 
current at each step, and also when the circuit is broken. 
Now reverse the current, and proceed in exactly the same 
manner as before. Enter your observations thus : — 

IMafjnetomcler. Tangent Galvanonieler. 

j. /East end — 1.6 south East end — 0.2 north, 
.ero rea mgs j ^ ^ south W est end — i .4 south. 


Magnelonieter. 



laiigent Galvanometer. 





Mean 




Mean 





tan ( t . 



Deflection 

tan a. 

Ucatliiij:s. 

Rcjitliiigs 

(.'orretteil. 

(»). 

1 

i 

Readings. 

Readings 

Correcteil. 

(a). 


25.2 N. 

26.8 y 

1 

26.3 

■| 

1 

0 - 4 <H 

i 12.7 S. 

12.9 1 

13-0 

0.231 

! 

! 

1 

25-9 ^ 



10.7 N. 

i 3 -» J 
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Plot out your observations on squared paper, as shown in 
Fig. 103. 

The deflections of the magnetometer needle* are, of course, 
due partly to the soft iron and partly to the solenoid itself, but 
the latter is very small as compared with the former. If it is 
desired to eliminate the effect of the solenoid, this may be 
done by removing the iron wire, replacing the solenoid in its 
original position, passing^ a strong current through it, and 
observing the deflections as described above. This observation 
is plotted on the squared paper, and connected to the origin of 
the axes by a straight line (AH, Fig. 103), which gives the 
value of tan 0 ^ due to the solenoid alone, for all values of 
tan «. Strictly speaking, the value of tan due to the iron 
alone, is obtained by subtracting the portion of tan 0 ^ due to 
the current alone, from the total value of tan 0 ^ as observed 
in the main experiment. 

124. Determination of the Absolute E.M.F. of a 
Standard Cell 

Apparatus required. SiiWuXkird. cell (of the Calomel type, 
or the Clark type). Coil of wire (note 37, p. 229). Copper 
voltameter. Battery. Adjustable resistance. Mirror galvano- 
meter, and high rcsi.«;tancc. 

The resistance of a wire can be accurately measured by 
means of a Wheatstone bridge, and the strength of any 
current traversing the wire can also be measured accurately 
by means of the electrolysis of copper sulphate. Hence, 
since E - C x R, the potential difference between the ends 
of the wire can be calculated. 

This principle may be adapted to the determination of 
the E.AI.F. of a cell in the following manner: -If, while 
the current is traversing the wire, the + ve and — ve terminals 
of the cell are connected to the + ve and - ve ends of the 
wire respectively, the current strength may be adjusted so 
that the E.M.F. of the cell is just counterbalanced, and 
no current traverses the cell. 'J'his latter condition may be 
ensured 'by inserting a mirror galvanometer in the cell circuit, 
and the arrangement resembles in every detail the com- 
parismi of E.M.F. by the potentiometer (p. 161). 



The important part of the apparatus is the coil S (con- 
veniently made of No. 28 (lerman-silver wire) (Fig. 104), 


Hh8^ 


terminating in thick 
copper wires \^J^ich dip 
into insulated mercury 
cups. The coil is im- 
mersed in a beaker of 
paraffin oil, which serves 
to keep the temperature 
of the coil uniform. The 
resistance of the coil 
may conveniently be 
about five ohms. E is 
the cell, the E.M.F.- of 
which is to be measured ; 

Ci is the ntirror galvano- 
meter, Ry is a high 
resistance (about 10,000 
ohms ; see note 28, p. 

227) ; is an adjustable low resistance in the main circuit. 
The 4-ve terminal of FI is connected to the mercury cup 
which contains the + ve terminal of the battery B. 





Fig. 104.— Method of determining the absolute 
E.M.F. of a cell. 


(i.) Measure accurately the resistance of the coil S, by 
means of a Wheatstone bridge (a P.O. box is far preferable). 
Connect up the apparatus as shown in Fig. 104. Adjust R^ 
until there is no deflection in G. Break the circuit. Remove 
the cathode plate from the voltameter ; clean and dr>^ it (as 
described on p. 180). Weigh the cathode accurately, and 
replace it in the voltameter. Complete the circuit, and note 
the time at that instant. Allow the current to continue for 
about one hour, carefully adjusting R^ so that no deflection is 
observable in G. Break the circuit, and note the time at that 
instant. Weigh the cathode as before, and calculate the 
current strength (p. 187). F^nter your observations thus : — 
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Standard cell used : Clark type. 


Weiijht in >jms. ('f t'athodr. 


Initial . 


13.25681 


j Einal • • j 

I Weijjht deposited --0/5037 j 


Duration of 

C'urrent 

Kc.sist.'iiice of 

K-^CxR. 

ICxpcriniL-nt. 

(-C). 

4oiI(-K). 

02 niinutc.s 

0.270 amp. 

5.19 ohms 

1.432 volts. 


125. Efficiency of an Incandescent Lamp 


Apparatus required, — Small incandescent lamp (7 volt, 2I 
candle-power). Standard sperm handle (No. 8). Ruinford 
photometer. Tangent galvanometer. Commutator. Potentio- 
meter. Standard cell (of known E.M.F.). Adjustable resist- 
ance. Metre scale. 'I'wo batteries (each of about six cells of 
constant E.M.F., and low resistance). 

The incfindesccnt lamp, when used as a source of light, 
is an ai>plication of the conversion of electrical energy into 
heat. The work done in the filament is determined by 
measuring the current (in amperes) the potential difference 
(in volts) between the terminals, and the time (in seconds). 


Total work done = EC/(§ 12 1). 

FC/ 

Hence, the rate at nhich work is <lonc - A ^ -.1^ EC units of 


work per second. 

The rjite at . which work is done is usually measured in 
Watts. Oue ^aatt is the rate at which work is, done by a 
current of one ampere working; throuj^h one volt. Hence, in 
an incandescent lamp, the rate at which energy is being 
expended is determined by measuring the potential difference 
(in volts) between the terminals, and the current (in amperes) 
traversing the filament ; the product of these two quantities 
is equal to the rate of expdhdilure of energy (in watts). 

The rate of output of a dynamo is usually expressed in 



kilo-wafts (i kilowatt = looo watts), and the equivalent horse- 
p 07 uer may be calculated from the fact that i horse-power = 
746 watts. The supply of electricity from central stations 
for purposes of house-lighting, etc., is measured in terms of 
the kilowatt-hoia\ and the Board of I'rade Unit of Electrical 
Energy is equivalent to one kilowatt of power for one hour. 

The efficiency of an incandescent lamp is the ratio of the 
candle-power dei'cloped to the rate of expenditure cf energy 
in the filament {expressed in watts). 

The candle-power of a lamp is measured in terms of what 
is called a standard candle (a No. 8 sperm candle, burning 
120 grains of wax per hour). The two sources of light are 
compared by arranging both so that two contiguous 
shadows of any object arc cast on to a white surface. 'I’he 
shadow due to the candle is illuminated by the lamp only, 




Fkj. T05. — Siniplr of mcaMiring the caudlc-power and 

cmciciic)' of an incamlocciil lamp. 


and that due to the lamp is illuminated by the candle only ; 
the intensity of illumination of these two shadows may be 
made equal by altering the relative distances of the sources 
of light from the shadows (sec Fig. 105). 

The intensity of illumination is directly proportional to 
the illuminating power of the source of lights and inversely 
proportional to the square of the distance from the source ; or 
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Hence, if Ij and I., are the intensities of ilkunmation of 
the two shadows, illiiininated by the candle and the lamp 
respectively, and if Lj «'ind L., are the illuminating powers of 
the candle and lamp, then * 


I, - and I., — 

" r 

But, in the shadow photometer, I 


T 

ii;- 
1 " 


Hence 



The supplied io the lamp may be determined by 

measuring the current by means of the low resistance coil 
of a tangent galvanometer, of which the constant is known ; 
the potential difference between the terminals of the lamp 
may be measured by comparison with that of a standard cell 
by means of the potentiometer (P, Fig. 105). 

The difference in colour of the shadows is very marked, 
and will cause much difficulty in determining when the in- 
tensity of illumination is the same. It will be found 
advantageous to view the shadows through a piece of neutral 
orange-tinted glass, which will render the colour difierence 
less marked. 


(i.) Pin a piece of white Idot/inji^ paper on the vertical board 
{a ) ; fix a lead pencil or pen holder {h) vertically into tlic base 
board, and about six cms. distant from a. Fix the incandescent 
lamp in a wooden clamp, with the filament vertical and broad- 
side towards the board and at the same height as the candle 
flame. Also, adjust the positions of the lamp and candle so that 
their angular distance from the normal to the board is the 
same. Complete the main circuit tlirough the battery, adjust- 
able resistance, etc., and also connect up the wires leading to 
the potentiometer, as shown in Fig. 105. Place the lamp at a 
fixed distance (about fifty cms.) from the board. Adjust Rj 
until the filament is heated to redness. Note the deflection in 
T.G. (also with the current reversed), and the potential differ- 
ence by means of the potentiometer. Move the lamp nearer 
to or farther from the board, until the shadows (which should 
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be contiguous) arc equally bright ; measure the distance of 
the lamp’s filament from the board (^/). Reduce tlic resistance 
Rj slightly, and repeat the observations. Obtain, in this 
manner, a senes of seven or eight readings, with the lamp 
varying from redness up to brilliant white heat. Enter your 
results thus : — 

Distance id) of lani]) from board {a) — 60 cms. 

Constant of T.G. =- 0.99. 

Potentiometer reading for one standard calomel cell (0.94 
volt) - 93.6. 


Mwui P 

1 / L' V. . ~ A 

ti„„(»). (1^ 

i 

i Potcniiuincitr 

W.'itts 

--(CxK). 

Candle 

Power 

P’fficiency 

i 

45°.3 ; i-oaiiip. 

' 559 (- 5 - 5 <'''<>N 

5.56 

60“ , 
o-’0. 563 
99.5' ■’ 


53" '-iU amp. 

' 1 

707 ( = 7.04 volts) 

! 

925 . 

1 

t)0" j 

46.5- 1 

1.66 

-0.179 

9*25 

55'- 7 j '45 ••""P- 

i 1 

' 77 S(“-^ 7.75 '’"N ! 

! 1 

n.24 i 

60® 1 

-,~3.02 1 

34.5' ^ j 

3.02 

- -■=: 0.270 
11.24 


JMot out the observations on squared paper, taking the 
vo/Zage as abscissae, and the efficiency as ordinates. I'he 
curve (Fig. 106) shows not only that the efficiency is greater 
with higher voltages, but also that the rate at which the effi- 
ciency increases for an increase of voltage is greater when the 
lamp is being worked to its fullest capacity. A similar curve 
may be drawn showing the relationship between the candle- 
power and the voltage. 

An interesting fact regarding the filament is that its resist- 
ance is less when hot than when cold, and in this respect it 
differs from all metals. The resistance of the filament may 
be . calculated from the observations already taken, since 
E 

R - ; it will be found that the resistance is less when white- 
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hot than when only red-hot, and in both cases is mift'.h less 



Fir,. 106. —Curves showing how the effiricnev and candle-power of a lamp 

ik'pend upon the \ohaj;e. 


than wlien the lamp is perfectly cold. This latter measure- 
ment might be made with the Wheatstone bridge. 


Additional Exekci.sk.s 

1. A house is supplied w'ith current from public mains at a 
pressure of 100 volts, and in twenty-four hours takes 4.8 Hoard 
of 'I'radc units by meter. Assuming the current to remain 
constant all the time, state what this current is in amperes, and 
how many lamps there are lighted in the house^ assuming 
them to be 50-watl lamps. (Evening Elxhibitions, L.C.C., 
1898.) 

2. Sketch and, describe the arrangements for finding the 
waits per candle-power of an incandescent lamp. What 
measurements would you make, and with what instruments ? 
(Evening Exhibitions, L.C.C., 1898.) 
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3. llow would you measure the current supplied to a motor, 
.and the voltaj^e at which it is supplied? If an ammeter and 
voltmeter are supplied, make a diagram of the necessary 
connections. , 

4. How would you proceed to measure the electrical resist- 
ance of an incandescent lamp when burning ? 

5. A battery having an E.M.F. of 25 volts and .an internal 
resistance of 4 ohms is connected by leading wires (resistance 

-= I ohm) to an incandescent lamp, at the terminals of which 
a potential difference of 10 volts is maintained. Compare the 
electrical power developed in the lamp with that used up in 
the battery and leading wires. 



CHAPTER XXIV 

INDUCTION' CURRKXTS, LkNZ’s LaW, 

126. Currents induced by Mag-nets and by 
Currents 

A/ipiint/iis rcijuired . — Battery of several cells. 'J'wo coils 
of wire ^each coil lo erns. in diameter, and containin^^ about 
fifty turns of cotton-covered copper wire) Mirror j»-alvanomctcr, 
etc. Strou}^ bar-magnets. Short rod of soft iron. 

A magnetic field is always created round a wire convey- 
ing a current, and it might be anticipated that the reverse 
statement would also be true, viz., that the creation of a 
magnetic field near to a wire, forming a. closed circuit, 
would generate a current in the wire. Faraday, in 1831, 
found that this latter statement is only partly true, and that 
a current is only generated when the magnetic field is 
alierini:;. He pro\ ed that a current is generated in a closed 
circuit when a magnet is being moved near lo the circuit, 
but that the current ceases so soon as the motion of the 
magnet ceases. 'I'lic terms ittduccd eiirycnts or induction 
currents are used to denote currents which arc generated in 
this manner. 

(i.) Induced Currents generated by a Magnet. — Set up 

the mirror galvanometer and scale, and determine by means 
of a voltaic cell which terminal of the instrument mu.st be T ve 
in order to give a deflection to the right. Connect the ends 
of one of the coils of wire to the galvanometer, and place the 
coil on the bench at a distance from the instrument. Rapidly 
bring the north-seeking pole of a bar-magnet towards the face 
of the coil, and observe the simultaneous deflection of the 



CHAP. XXIV 


INDUCTION CURRENTS 


207 


galvanonjeter needle. Note whether it is to the right or to 
the left. Observe that the current is only momentary, and 
that it ceases so soon as the magnet is brought to rest. Now 
suddenly withdraw the magnet and observe the deflection in 
the opposite direction. 

Repeat these observations, but move the magnet less 
rapidly than before. Note that the deflections are now less. 

Also, repeat the observations, using the south-seeking pole 
of the magnet. 

Having previously determined the relationship between the 
direction of current and the direction of deflection, it is easy to 
trace out the direction of the fnduced current (Fig^. 107) in the 





Ku;. 107 — Nortii-.scekiij}’ pole appr(.>uchii)g. 


coil in each of the above observations. Moreover, since north- 
seeking or south-seeking polarity is generated at the face of 
the coil according as the current is in an anti-clockwise or 
clockwise direction (§ 84), the direction of the induced current 
may be stated by the magnetic polarity generated in the coil. 
Enter your observations in the following manner : — 
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l)irci*tii>n of Deflection 
(Right or J.eft). 

Polarity of Near 
I'liul of Coil, 

if) North pole approaching 


North-seeking 

(/^) North polo receding 


South-seeking 

if) South polo approaching 


Soutli-sooking 

(«) Somh pole recoiling 

i 

! 

North-seeking 


From tlicse results it is evident tliiit when lines of force 
arc cither introduced into, or withdrawn from, the coil an 
induced current is obtained. It can also be observed that 
when the ma^Miet is stationary, whatever its position rela- 
tively to the coil, no induced current is obtained in fact, 
an induced current is only obtained when lines (»f force are 
bcin^ introdiK'ed into, or withdrawn from, the coil. Aj»ain, 
it can be oljserved in the same experiment that the sfren^i^^t/i 
of the induced current depends upon the rate at which the 
lines of force are bein«{ introduced or withdrawn ; if the 
magnet is moved slowly, then only a w'eak induced current 
is obtained. 

It is instructive to examine the results obtained in this 




Fi<;. 

experiment, and to trace out their agreement with the fol- 
lowing law of induction: — IV/ien the mi/nber of li/tes of 
force passini{ throui^'h a circuit is im reased or ditniftished^ 
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the inili 4 cc(t current will be in that direction which tends 
. to keep the number of lines of force constant. I'liiis Fig. 1 08, i., 
represents a norlli-seeking pole approaching the coil, the 
niimbc'r of lines of force passing through the coil being 
thereby increased; the induced current will generate lines 
of force in the opposite direction (shown by the dotted 
lines), thus tending to neutralise the increase due to the 
magnet, and creating north -seeking polarity at the near 
face of the coil. h'ig. 1 08, ii., represents the magnet receding 
from the coil. 

Make similar diagrams, showing the action of a south- 
seeking pole when apj^roaching and receding. 

'I'he results obtained by means of a magnet in this experi- 
ment may also be obtained by means of a coil of wire con- 
veying a steady current of electricity. 

(ii.) Induced Currents generated by a Coil conveying a 
steady Current.- {a) Arrange the coil (S, Fig. 109)* and 



Fig. 109. -IViiiiary coil approaching secondary coil. 


galvanometer as in Expt. 1 26 (i.) Connect the ends of the other 
coil (I*) to the terminals of a battery, and tpiickly bring one of 
its faces into contact with the other coil. Note the direction 
in which the galvanometer needle is deflected, and from this 
trace the direction of the induced current in S. Make a 
simple diagram (as shown in Fig. 109), indicating the direc- 
tion of the primary and secondary currents, and note down 
the polarities of the lower face of P and of the upper 
face of S. 

Note down, in the same manner, the effects observed 
when P is rapidly removed from S, and also when the current 
in P is reversed. Falter your observations in the following 
manner ; — 

The coil P is called the primary coil, and S is called the secondary 

coil. 
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! 

j Priiiuiry Coil ( I*). 

1 

Pol.irity of liOwer 

Kaoe of J*. 

Polarity of ITpp*-**" 
t'acf of S. 

1 

Approaching 

South-seeking 

South-seeking 

Receding 

South-seeking 

North-seeking * 

etc. 




(/f) Similar results to those in the previous experiment van be 
obtained by keeping*' the primary and secondary coils in con- 
tact, while the current in P is successively made and broken, 
since, in both cases, the introduction and withdrawal of lines 
of force through the coil S are effected. 

Prove this by making and breaking the circuit of the 
primary ^coil, while it remains in contact with S. Also observe 
the results when the current in I* is reversed. 

(iii.) Effect of increasing the Current in the Primary 
Circuit. — Place P and S in contact, as in the previous experi- 
ment, and carefully note the degree of dedertion obtained when 
the primary circuit is made and broken. Increase the current 
strength in P by adding one or two more cells to the battery, 
or by reducing the resistance of the circuit. Again note the 
deflection obtained, and state whether it is greater than before. 

A stronger current in P will, of course, cause more lines of 
force to pass through S, and this apparently creates a stronger 
induced current in S. 

(iv.) Effect of Soft Iron. — flold a short bar of soft iron so 
that its axis passes through the centres of the coils and is 
perpendicular to tlieir planes. Repeat the observations de- 
scribed in Expt. 126 (ii.) and note how the induced current is 
increased. 

The soft-iron bar is temporarily magnetised by the current 
in P, and the total number of lines of force introduced 
through S is therefore considcjrably increased, resulting in a 
stronger induced current. 
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127. Laws of Current Induction 

'Fhe law .stated in § 126 (i.) referred to the direction of the 
current induced in the secondary circuit. The succeeding 
experiments have also shown th.it the strength of the 
induced current depends not only upon the total number 
of lines of force introduced through the secondary coil, but 
also upon the rate at which they are introduced. 

So far, we have only considered the current produced in 
these induction experiments. No current can be produced 
without the jiresencc of an E.M.F. giving rise to it, and, 
moreover, the strength of the current depends upon the 
resistance of the circuit, whereas the E.M.F. is quite inde- 
pendent of the resistance. Hence, it is more correct to 
consider the induced E.M.F. rather than the induced current. 
Induction eflects would be obtained if the secondary circuit 
consisted of only one turn of wire, although they would be 
so weak that it might be difficult to detect them. If the 
circuit consisted of two turns of wire in series, then the 
same E. M . K. would be induced in each turn, and the total 
E.M.F. between the extreme ends of the coil would be 
twice as great as that generated in a single turn ; and if the 
roil consisted of n turns, then the induced E.M.F. between 
the ends of the coil would be n times as great. If N lines 
of force arc suddenly threaded through a coil of turns, 
then the total number of lines of force threaded through the 
circuit will be (N x ;/), and the induced E.M.F. between the 
ends of the coil will be proportional to N//. This result 
may be expressed in the following law : — When the number 
of j/iai^netic 'lines of force iln'oitgh a secondary circuit is 
chanjc^ing^ an induced E.M,F. is set and the magnitude 
of the E.M.F. is proportional to the rate at which the 
number of lines of force changes, 

128. Lenz’s Law 

This law, stated by Lenz in 1834, affords a convenient 
method of determining the direction of the induced current, 
and is based upon the ^following argument : — Energy, in 
some form or other, is required in order to generate an 
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electric current. Whence is the cnerjjy obtained which 
>»ives rise to the induced currents obseived in these experi- 
ments } It must be ilue to sonu* external as^cncy, and it 
originates from the meclianical work done- in o\ercominj4 
mutual electrical forces set up by the relative motion of the 
two circuits. If this is true, then the mutual elec trical 
forces developed during the approach of the two circuits 
should tend to hinder their approach, and they should 
tend to make the circuits approach during the process of 
separating them. 

In each case the induced cunent is in such a direction as 
will tend to ojiposc* the lelatixe motion of the two c ircuits, 
'riiis relationship holds good in all tasc-s of current indue tion, 
and is expressed in the general st.UcMncMtt cvf Lenz s Law. 
The i mi Hi t'd Littreni is in suih a liirciiion that its rnirfinn 
tends to stop the motion to the indi/ied iitrrent is' tine. 

129. Rotation of a Coil of Wire in a Magrnetic 
Field 

Apponitus rcqui}ed. 'Fwo strong bai magnc'is. (’oil of 
wire. Mirror galvanoniclcM. 

(i.) Support two bar-magnets hoi i/onlally ( I' ig. i ro) with 
their opposite jioles about i ; < ms. ap.irt. C'onnec t the ends 


A 



of the coil to the terminals of the galvanometer. Hold the 
coil in a vertical position, mid-way between the two magnets, 
and with its plane perpendicular to the axes of the magnets. 
Quickly rotate the c'oil round a horizontal axis into the position 
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marked 90" 1 10), and observe the direction of the induced 

current. 

Refer back to the law stated in 126 (i.) ; apply it to the 
present experiment, and deduce whether the induced current 
should flow from A to R, or from IJ to A. Does your experi- 
ment agree with this deduction ?* 

Continue to rotate the coil, from position 90" to position 
180", and again determine the direction of the induced current. 
Also determine the directions when the coil is rotated between 
the positions 180^' and 270", and between 270'' and o'*. Make 
a simple diagram in each aise, indicating, by means of an 
arrow, the direction of the induced current. 

It will be found that the induced current is from A to H 
when the coil is moving between o'" and 1 8o'\ and from B to 
A for the remainder of the complete revolution. 

Hence the direction of the induced current is reversed each 
time the coil passes a vertical position. 

1 30. The Dynamo 

The experiment of the previous section explains the 
principle of the dynamo, all forms of which are more or less 
elaborate methods of obtaining induced currents by rotating 
a coil of wire in a strong magnetic field. In such machines 
the magnetic field is usually created by means of an electro- 
magnet of the horse-shoe type ; the coil of wire (termed the 
Anfiuh/rc) is wound round a soft iron core which serves to 
concentrate the magnetic lines of 
force the coils. 

(i.) The Alternator.- - Fig. m 
represents a simple method of con- 
veying the induced currents from 
the armature to the external circuit. 

Each end of the coil terminates in 
a metal ring concentric with the 
axis .of the coil. A brush ( 1 $), of 
flexible metal or of carbon, presses 

against each ring, and the brushes are connected to the 
terminals of llie external circuit. With this arrangement, 
the direction of the current in the external circuit is reversed 
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twice in cadi complete revolution, and {-ives rise to’what is 
tennod an Current. • 

(ii.) The Continuous Current Dynamo. -Kij;- * * - reprr- 
sents a simple form (»f Commutafoi^ consisting of a split 
metifi tn})c li\ctl to the axis of tin- 
coil. One end of the coil is c<jn- 
nected to eac h half of the s[)lit lube, 
and the c'ollectiny briis»hes press upon 
the outer surface of llie lube. liy 
this means the current in the external 
circuit is always in the same direc- 
tion, and a Continuous Current is 
obtained. 

An^armatun^ consisting of a single 
coil of wire is never used in actual 
practice, since the rate at which lines 
of force are being cut varies according to its angular pf)sition 
relatively to the lines of force, and the current is therefore 
very variable. This diftlculty is overcome by constructing 
an armature of several coils, so that when some are yielding 
a maximum current others are comparatively idle, the com- 
bined etteetd^eing a steady current. 



I'm., -C 'diMiiiit.Uor of ;i 
continuous curroni Uynrirno. 


.A D J > I TI ON A I , KX K KC I S KS 

1. A few turns of fine insulaletl wire are wrapped round 
the centre of an iron nail, and the ends of the wire connected 
to a sensitive galvanometer. Stale and ex])lain the effect on 
the galvanometer ( i ) when the nail is put across the poles of 
a horse-shoe magnet, slowly or quickly, .(2) when it 'is slowly 
or quickly removed. ( 1 890.) 

2. An iron hoop is held in the magnetic meridian and is 

allowed to fall over towards the east. Kxplain why an electric 
current traverses the hoop, and stale whether the current 
would flow ndrlh or south in the pari of the hoop which 
touches the ground if the experiment were performed in 
England. (1894.) * 

3. A flat coil of wire, the ends of which are connected to a 
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sensitive galvanometer, is (i) moved up towards the north end 
oC a long bar-magnet, (2) threaded on the bar, (3) moved 
along it to the south end, (4) removed to a distance. What 
indications dt)es the galvanometer give during these opera- 
tions ? (1897.) 

4. i\ vertical hoop of \vire, at right angles to the magnetic 
meridian, is quickly, but with uniform speed, turned through 
I So “ about a vertical axis, its originally eastern half moving 
northward at first. State the direction in which the induced 
current passes round the wire, and determine the position of 
the hoop in which the induced E.M.F. is the greatest. (1898.) 

5. Describe the construction and explain the action of a 
magneto-electric machine for the conversion of mechanical 
work into current energy. (1899.) 

6. 'fwo coils of wire are placed in contact with each other, 
and with their axes in line. The ends of one coil are fastened 
to a battery, those of the other to a mirror galvanometer. A 
soft-iron bar is inserted through the coils, and a momentary 
current is observed, and a reverse current is obtained when the 
bar is withdrawn. ICxplain thftse observations. 



CHAPTER \XV 

COXSTRUCTIOX OK APPARATUS 

1. Methods of Suspending Lodestone or Magnet.— A lode- 

stone, or a heavy magnet, is best suspended by means of silk ran/ (not 
sewing silk), which can be purchasecl from a draper ; or, a bundle of 
loose unspun silk may be used. Needles may be susj)emled either by 
single libres of un>[)un silk or by a long piece of copper tinsel ; in 
either case hooks of thin copper wire should be fastened to the lower 
end of the fibre or tinsel. (Tinsel may be obtained from Mr. G. 
Kenning, i Little IJritain, K.(\). Since students often llnd difficulty 
in handling these delicate supports, an alternative method is show'n in 
Fig. 4 ; in this, a short test-tube (2 inches long) rests inverted on the 
point of a darning-needle fixed vertically in a wide cork, and a small 
lump of soft wax enables the needle to be attached to the closed end 
of the test-tube. In order to ensure stable e<juilibrium, a strip of sheet 
lead is cut to a length necessary to form a collar which can be slipped 
over the outsi<le of the test-tube and resting on its expamled rim. 

2. Soft Wax . — The soft red wax ^%l^ich is used in post-mortem 
ca-ie* is very convenient f«>r the purpose. It can be obtained from most 
dealers in jdiysical apparatus. 

3- Galvanised Iron Strips. — Galvanised iron is made by dipping 
.sheets of soft iron init» molten tin, and i.^ usetl in making biscuit-tins 
aiul toljacco-tins. These may be cut up into fragments of suitable size 
for these experiments. 

4. The Magnetometer. —Cm the base board, in i-inch deal, to 
the ilimenMions shown in Fig. 9, ami streiigljien it by screwing to its 
undersurface the wooilen jiarts sluiw'n in the end and side views. Cut 
the first 6 cms. from each of two ceiitiinelre scales, each 50 cms. long, 
and fix these in ]>(»sition so as to measure exact distances from llie 
centre of tlie graduated circle. Alsf>, fix against the divided edge of 
each scale a thin strip of wsiod, projecting slightly above the level of 
the scale, to serv*e as a guide in placing the bar-magnets in ])osition. 
Use Inass screws througlunit. P'ix the gnaduated circle (lO cms. 
diameter) to a circle of t)iiii*woml, of nearly the same thickness ,'ls that 
of the wo(jdcn scales, and fix tliLs symmetrically to the ba.se board. 
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Horc a fine Jiolc in the centre of the circle, and fix in the hole the end 
of a sewing-needle, point upw'ards. Support the apparatus on three feet 
(nfade by solderinj^ a l)rass screw through the centre of a brass disc). 

Tlie needle (I'ig. 113) maybe prepared in the following manner : — 
Close the end of a^piece of- narrow glass tubing and blow the end to a 



Fig. t 13.— The needle of .n maj;netometer. 


hemispherical fibrin. Cut off about i cm. length of this closed end. 
Magnetise two ])ieccs of watch-spring (2 cms. long) and bind the ends 
together In' tliin copper wire, ami with similar poles in contact. Pass 
tlie glass tube between the centres of the magnets and rigidly fix them 
with a spot of sealing-wax. Cut the pointer from thin aluminium foil, 
and bend the free ends inu) a vertical plane. 

A glass crystallising <lish (11.5 cms. diameter, 6.5 cms. deep) serves 
as a*suitable cover fi)r the swinging magnet. 

5. Method of preparing Paraffined Paper.— Melt some white 
paraflin-wax in a sbalhnv tin, sufficiently large to lake half a sheet of 
foolscap paj>er ; heat the wax until it is nearly boiling. l\iss a sheet 
of fhin white paper once through the wax, and hold it vertically until 
the wax has .solidified. 

6. Simple Dip Needle< — Select an unmagnetised knitting-needle 
about 12 cms. long. C^mstruct an axle for the needle in the following 
manner: — Hold two short pieces of coj)per wire on oppo.site sides of 
and at right angles to the length of the needle. Twist the ends of the 
wires together on each side so as to grip the needle tightly, and care- 
fully straighten the twists. Make the wdre surfaces as smooth as 
])os.sible by heating in a gas fiame and applying sealing-wax, shaking 
oft' the exce.ss of wax wdiilc still fluid (Fig. 17, ii.). Apply a spot of 
sealing*\vax so as to rigidly connect the axle to the needle. Make a 
support for the neetlle by cutting two rectangular jneces of sheet brass 
or eopiHir (7 cms. x I cm.), rigidly connect them together at the base 
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with their short edges hori'/ontal and i cm. apart, and fix ,them to a 
suitable base hoard (or a support may be made with two pieces of glass 
roil fixed horizontally and i cm. .apart). Attach a circular scale of 96® 
to one of the supports (Kig. 17, i.). Sec whether the needle is truly 
balanced by supporting it by its axle on the knife-edges ; if necessary, 
adjust the position of the axle by slightly warming the sealing-wax joint 
and moving the axle along the needle. Carefully magnetise the needle. 

7. A Simple Magnetoscope (Fig. 26), Select a glass tube, 

about 20 cms. long .and 2 cms. internal diameter. IJore a hole through 
a flat cork, the hole being sufficiently wide to serve as a stand in which 
the tube may be fixed. Fit a cork into the upper end of the tube, and 
insert a short length of stout copper or brass wire, bent at right angles 
through the cork. Freak ofi‘ a short length (about 1.5 cms. long) of a 
rat-tail file, and magnetise it strongly. Tightly twist a short length of 
copper wire round this magnet, having a free end of wire about 2 cms. 
lung. Now suspend the magnet by means of a silk fibre attached to 
the wire at the top of the tube. Attach four silvered microscope cover- 
glasses to the co])per w ire in the ixjsitions show n, so that some one of the 
mirrors will he in a convenient position from which to reflect a be.'im of 
light, and in this manner to determine with fair accuracy the time occupied 
by any observed number of swings. Fig. 26, ii. , represents a simjfle 
form of “ sighter,” which can be made with glass rods, corks, and 
cardboard ; this ensures that the eye of the observer shall occupy the 
same position during the period of an experiment. A Price’s night- 
light standing in a shallow glass vessel is a convenient source of light. 

Stop-watch. — Stop-w%atche.s suitable for experimental work may 
be purchased cheaply (7 to 8 shillings each). 

8. Box for Vibration Experiments. — (i.) M.ake a wooden Jdox 
(18 cms. X 1 1 X 80), leaving the ends oi)en. Select a piece of gkass tube 
(28jcnis. long, and 2 cms. diameter), and bore a circular hole in the 
centre of the to]) of the box, of sufficient diameter to enable the glass 
tube to be fixed in firmly W'ilh cement. Fit a cork into the top of the 
tube ; pass a short ])iecc of stiff brass wire through the cork, and hend 
the upper end of the wire at right angles to enafcle the wire to be 
adjusted. Solder to the lower end of the wire a length of coptxjr 
tinsel, terminating in a wire hook from which the magnet may he sus- 
pended. Make a light .stirru]> of thin copper foil, and fix to its under 
.surface a narrow strip of aluminium foil (16 cms. long)> the extreme 
ends of which are bent at right angles. Cut two pieces of glass of 
sufficient size to close the ends of the 1x>x (| -plate negative glasses arc 
convenient) ; ^lix the glass ends in position by means of ckastic bands or' 
by soft w'ax. Attach a narrow strip of paper down the middle of each 
glass plate (Fig. 32). 

If the magnet is sufficiently light it should be suspended by means 
of a silk fibre, ami the stirrup should be as light .as possible. (For 
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alternative ly^Kis of stirrui), sec Fit;. 4.) Copper tinsel will be found 
ncc(;ss<ii:y in the case of heavy mai^nets. 

(ii.) A simpler apj)aratiis (Fig. 33) lor carrying out the same experi- 
ment may be arninp^'d by mc.i?is of a gl.iss crystallising dish and sheet 
of ]).i|)ei. Fix two nariow (1 niin. wide) stiips of white ])aper veitically 
to the sides of the dish and .it opposite ends of a diametei. Also fix a 
similar piece of thin pajier to the veitical end-face of the magnet. 
Susiiend the magnet inside the dish. Cut a circular hole (2 cms. 
diameter) in a piece of ]>aper, and slit the paper in any one diiection 
from the hole to the edge so as to enable the paper to be placed ovei 
the dish without -distuibing the m.ignct. Move the dish round until 
the diameter joining the stiips of p.ipei is in the magnetic meridian. 

9. Mirror Magnetometer.— (Tht* details of this .appaiatus arc 
mainly taken from Stewirt and Gee’s vol. ii.) The 

dimensions of the wboden stand are shown in tig. ii|. The base 
boaid is suppoited on tliiee levelling sciews (made by soldering a brass 
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screw Ihiough the centie of a brass <lisc, about the si/e of a penny). 
A shallow groove is cut along the face of the ujirighl, and a circular 
hole is cut at A, sulficientl) laigc to allow the min 01 to swing freely. 
The mirror, to the back of which a shoit piece of magnetised watch- 
.spring is attached, is supported by silk fibre which hangs from a short 
bnass wire suppoited through the sqiiaio coik 15 , which fits tightly into 
the upper end of the groove. C is .i wex^den button which serves to 
hold a wooden metre scmIc in position at tlie same level as the needle. 
The mirror is protected from air cuiients Iiy a strip of glass fixed 
agfiinst: the face of the upright by means of soft wav. 

Preparation of the M^et.— Bind together, by means of iron 

wire, several pieces of knillii^-needlc, each about 7 cms. long ; heal 
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them to redness in a blow - pipe flame, and allow them to cool 
slowly, h'ile the ends true, and straij^hten the wires if necessary. 
Again hind them logctlier, heat to briglit redness, and plunge them 
vertically into a vessel of cold water, (dean the surfaces, if necessary, 
with emery paper, and magnetise them strongly by means of a helix 
anil battery. One of these magnets wdll sullice for the purposes of the 
experiment. 

The deflecting magnet may be supported on the wooden scale by 
means of a corU (Fig. 1 14, iii.), in the side of w^hich a rectangular groove 
is cut. The magnet sln^uld be horizontal and wdth its axis in line with 
the centre of the deflected needle. 

The lens may be supported conveniently in a slit cut in a cork 
which is supjiorted on the upper end of a glass rod ; the rod passes 
tightly through the cork of a shallow bottle, thus allowing the height 
of the lens to be adjusted. 

A suitable arrangement for the lamp and scale is shown in Fig. 78, 
and is described on p. 226. 

10. Glass rods. — These should be made from lead glass (not soda 
glass). 

11. Drying Oven. — A portable drying oven maybe constructed 
in the following manner. Fill a shallow baking-tin (about 40 cms. 
X 20 cms. ) w'ith sand, and cover it with a sheet of thin iron (about 
40 cms. X 35 cms.) bent into the form of a semi-circle, so as to form a 
hood over the sand bath. The bath is supported on tripods, and 
heated by Runsen burnerr* placed underneath. Glass rods may be 
placed in the sand, and paper, flannel, silk, etc., may be spread over 
the hood. 

12. Pith-ball Electroscope. Fix a rod of vulcanite to a flat 
cork (or other suitable base) so that the rod stands in a vertical j)osi- 
tion. Rend the end of a piece of stout copper wire (5 cms. long) into 
a hook, and fasten it to the top of, and at right angles to, the rinl. 
From the hook suspend a gilt pith-hall by means of very thin copper 
wire (or cotton thread). It i.s important to avoid skarp metal points, a 
difficulty which is readily overcome by fusing the ends of the W'ires in 
a blowpipe flame i^r l»y covering the ends with a spot of sealing-wax or 
soft wax. A pith-ball is satisfactorily “gilded” by moistening the 
surface with weak gum and, when nearly dry, rolling it in gold leaf 
(Dutch-metal leaf or aluminium leaf are satisfactory substiaites for 
gold leaf.) 

13. Two Appliances for Determining the Direction of 
Electrostatic Lines of Force.- --(i.) Pierce a small circular hole 
through a piece of thin jiaper (3 cms. xo.5 cm.). Pass a piece of 
drawn-out glass tubing through the hole, and allow the paper to he 
quite free to move. Using the glass tube as a handle, bring the paper 
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near to an electrified ])ody. The paper will point in the direction in 
which the electric forces are acting (Fig. 39). 

(ii. ) Fix two Irjng pieces of glass rod in a cork, and Vjcnd the rods 
so that they form a large V. Bore a hole in a small cork, so that it 
will fit tightly on tlTe end of one of the rods. Attach one end of a silk 
fibre to this cork, and the other end to the free end of the other glass 
rod. The fibre may be tightened by rotating the small cork. To the 
centre of the fibre attach another short fibre (about 2 cms. long), which 
carries the pohiicr. The pointer consists of a piece of fine copper wire 
(5 cms. long), on the ends of which are threaded two small gilt pith- 
balls. Adjust the pith -balls so that the pointer hangs freely in a 
horizontal position (Fig. 38). 

14. The Gold-leaf TilectrOScbpe. — A simple form of this instru- 
ment may be made from a cigar- box in the following manner : — 
Remove the top and bottom of the box and cut away the lower portions 
so as to have sufficient open space for glass plates (photograjdiic i-plate 
is a convenient size) to slide in shallow grooves cut in the woodwork. 
Changes in the divergence of the leaves are observed readily if the 
glass surface is divided into scpiares by means of ink lines, which arc 
ruled readily in Indian ink on the dry gelatine film of a photographic 
[date from which the silver salts have been removed by solution in 
sodium hyposulphite ; an alternative method is to support a portion of 
a circular pajier scale on a vertical rod of sealing-wax and immediately 
hehiiul the leaves. Cover the internal wood surface of the box with 
tin-foil, 'file insulation is obtained most satisfactorily by means of a 
plug of sulphur, sui)poitod in a circular hole bored in the end of the 
1k)x. The plug is prejniretl hy pouring litpiid sulphur, which has been 
melted sloivly^ into a paper mould made by wrapping paper round a 
cork ; the lower end of the mould is closed by a ilisc of cork pierced 
by a straight piece of tliick cop|xrr wire which will subsequently carry 
the gold leaves ; the paper should be cut away from the plug while 
it is still hot. Taper off the lower end of the wire to a fiat edge, and 
sohlcr to it a rectangular strip of sheet copper. Support a metal disc 
on the ui)per end vi the wire by means of a short length of metal tube, 
or a closely wound spiral of wire, soldered to the centre of the disc. 
Cut two leaves, each about 5 cms, x i cm., and attach them to the 
lower end of the wire, which has been moistened previously wfith a 
minimum quantity of weak gum and allowed to become nearly dry. 
In order to cut nutch-mctal (or gold) leaf, spread a sheet of thin 
well -glazed paper on a sheet of glass, and lay the metal leaf on the 
paper. Cover the leaf, except a strip of the width required, with a 
second sheet of paper; and cut off the strip by means of a sharp razor, 
using .the edge of the paper as a guide. 

15. Th6 Proof Plane. — The proof plane is a sitnjde appliance 
which will be frequently required for experiments on induction ; it 
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consists of ii disc of thin copper or brass (about 2 cms. dijimetcr) fixed 
to the eiui of an insulating handle. A half-pcnny may be used as a 
metal disc. * 

id. Insulating Stands. — A simple form of insulating staml is 
frequently required in electrostatic experiments. Vlat slabs of white 
paratlin-wax serve the purpose admirably. The wax may be cast by 
melting it in a baking-tin of the reciuired si/e, and allowing it to cool ; 
when cold the tin is iilaced in hot water for a few moments, till the 
outer layer of wax is melted, and then inverted, so as to remove the 
slab of wax. I'lie wax should be originally melted by standing the tin 
in a vessel of water heated from below, since the wax loses its insulat- 
ing power considerably if heated much alcove the temi)crature of 
boiling water. 

If a tajler insulating stand is required, a suitable form may be 
made in the following manner : — Fix a stout glass tube {lead glass 
shoulil be used) vertically into a wooilen base. bore a hole in a wide 
cork so as to lit tightly on the upper end of the gla^s tube. I' ix a slab 
of wax horizontally on the top of the cork. The insulation is improved 
by varnishing the glass tube (Fig. 49). 

17- An Electrophorus. — A simple form of electrophonis may be 
made by filling the inverted lid of a coffee-tin (8-10 cms. diameter) 
with melted sealing-wax. Cut a circular disc of brass or copper of 
slightly less diameter than the tin lid, and fasten the disc at right 
angles to the end of a rod of vulcanite, which serves as an insulating 
handle ; the portion of the brass surface to which the handle is 
attached should be previously .scratched or roughened, to enable the 
vulcanite to cling more firmly. 

18. Electrostatic Condenser.— (i.) Fig. 53 represents a simple 
form of condenser, consisting of two sheet-z/mc jdates A and 11, bent at 
right angles, and of which the vertical portions are about 15 cms. 
square. C is .simply a vertical plate of slightly largt?r area than A or 
|{. All the plate.s are fastened to hori7.f)ntal rods of sealing-wax. For 
.some experiments a millimetre .scale w’ill be recpiircd. 

(ii.) Fig. 54 represents a more elaborate form of* condenser. A and 
15 are tw'o plates of stout .sheet brass (15 cms. diameter), the .surfaces 
of which have been truly jdaned in a lathe. At the back of each plate 
is a central brass socket, into which the end of a vulcanite rod is fixed, 
and also a binding screw fixed near to the edge. 'I'he yulcanite rods 
are half-inch diameter, and each is supported from a brass^ socket 
which is screwed to rectangular wooden blocks. The base board con- 
sLSts of a plane wooden support (30 cms. x 10 cms.) to the edge of 
which a millimetre scale is screwed. Plate C is a convenient adjunct 
for examining the field of force bclweeen the plates of the condenser. 
Slabs of wax, etc., may be supported between the plates on a block of 
wood in which a shallow rectangular groove is cut. 
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19* Flask to show Heating Effect (Fig. 59).— Fit a cork to 

a 16-OZ. flask. Roro a hole through the axis of the cork, wide 
enough to carry a piece of narrow glass tubing bent at right angles. 
Insert two copper wires through the cork, and as far from each other 
as possible ; allow' the loAver ends of the wires to terminate well inside 
the body of the flask. Join the lower ends of the copper wires by 
means of a narrow strip of thin tinfoil. Make sure that the cork is 
thoroughly air-tight. 

20. Boiling-tube to show Chemical Effect (Fig. 60).— Cut 

two pieces of thin platinum wire (each about 4 cms. long) and solder 
to the ends of pieces of copper wire. Out two pieces of narrow 
glass tubing (about 15 cms. long), and draw out one end of each piece 
to a cai^illary tube. I'use the platinum wires into the capillary ends 
of the tubes, and cut off the ends of the wires as close to jhe glass as 
possible. Rend the ends of the glass tubes to a right angle. It is 
now necessary to grind the ends of the wires on glass with wet emery 
powder, so that only cross-sections of the wires are exposed. Mount 
the glass tubes in a cork, as shown in Fig. 60, and partly fill the 
boiling tube with water acidulated with sulphuric acid, 

21. Battery of Simple Cells. — A suitable form of Ixittery may 
be constructed in the following manner : — Pore a row of twelve shallow 
holes inch in diameter, and i inch apart) in a strip of wood 
(14 inches X 2 X 2). Place in each hole a small test-tube or samjdc- 
tubc (2 inches by J inch). Cut twelve .strips of sheet copper i J 
inch X by | inch) and an equal number of sheet-zinc strips of the same 
size. Solder the ends of the copper strips to the zinc strips so as to 
make twelve sei)arate zinc-copper strips. Bend each compound strip 
so that the copper dips into one tube and the zinc into the next tube. 
Nearly fill each tube wdth dilute acid. To ensure perfect in- 
sulation it is advisable to paint the wooden stand w'ilh melted paraflin- 
wax. The arrangement now forms a series of twelve cells, and the 
potential dift'erence between the extreme ends is tw'elve times as great 
as the difference between the plates of one cell. It is an advantage to 
have even a greater luiniber of the cells connected together, by making 
another complete .set of twelve cells similar to the set described above, 
and connecting the two sets so as to form a series of twenty-four cells 
(Fig. 65). 

25, The"- Condensing Electroscope (Fig. 64). — The plates 
shouloDe made of stout brass (about 20 cms. diameter), the surfaces of 
which have been turned in a lathe. The lower plate is supported on a 
vertical rod of unpolished vulcanite, which is mounted on a suitable 
base. The upper plate is also supplied wdth a vulcanite handle. Two 
l)ind’mg screws are fixed to the outer surface of each plate, and at 
opposite ends of a diameter. Lacejuer (or varnish) both plates, tio( 
the binding screws^ 
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23. TIiG Cominutator 66) consists of n stjuare block of wood, 
with a circular hole bored in each corner to serve as mercury cups. The 
cups are connected diagonally by thick copj)er wires. The swinging atm 
consists of two jiicces of bent copper wire, which are insulated from 
each other by means of a short piece of glass tubing ; the arm carries 
two pieces of thick wire bent into an arc, whicli can be made to dip 
into either pair of mercury cut)S by swinging the arm over in the required 
direction ; also, two thick copper wires which dip into two of the 
cups on one side of the block seive as terminals to which the ends of 
the outer circuit are connected. 

24. Solenoids (Eij;. 69). — Wind a spiral of fairly thick cotton- 
covered copper wire round a cardboard tube (5 cms. iliameter and 20 
cms. long). Kix each end of the spiral to the lube by tying the wire 
with thread which passes through small holes pierced in the cardboard. 
Bend the free ends of the wire along the outside of the tube ami 
towards the centre, and again ben<l them at right angles so as to dip 
down intcj concentric mercury cin>s placed uiulerneath. The mercury 
cups shown in the figure are made by glueing together two pill-boxes, 
of different diameter, one inside the other. Connect each mercury cup 
to an external binding screw by means of copper wire. One of the 
ends of the spiral is bent, so that it is in a vertical line with the 
suspension ami dips into the inner mercury cup ; the other end is bent 
so as to (lip into the outer cup. The mode of suspending the spiral is 
clearly seen in the diagram (Eijg« 69). 

Make a second spiral, which can be held in the hand in order to 
test its action on the suspended spiral when a current is traversing both 
spirals. 

25. A Simple Galvanoscope. — Procure a small wooden box, 
8 cms. long, 6 cms. wide, an<l 3 cms. deep (Kig. 70). Remove the 
ends from the box, cut a transverse slit (4 cms. X0.5 cms.) across the 
middle of the lid, and bore a circular hole (i cm. diameter) in the 
centre of the bottom of the box ; if a suitable box is not available, four 
pieces of wocal may be cut to the recpiired size and glued together. 
Wind about eight layers of No. 32 cotton-covercir copper wire over 
each end. of the Ijox, and afterwards dip the box into melted paraffin- 
wax. Kix a thin ju'cce of wood to each end face of the bo;c, to .serve 
as supports for the box, and also for the screw terminals of the coil. 
Join these terminals to the external, terminals on the base board by 
means of copper wires wdiich pass through holes to the iinrler'*surface 
of the base board. (These copper wires also serve to rigidly hold the 
instrument on the base board.) Mount a graduated paper circle (about 
6 cms. diameter^ on a piece of millboard, and cut away a narrow slit 
(4 cms. long) along the diameter connecting the 90® readings of the 
circular scale. 

Fig. 115 shows how the needle and pointer may be con.structed from 
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two pieces .of magnetised clock-spring which are fixed, by means of 
sealing-wax, to the lower end of a piece of drawn out glass tubing, to 
the top of which the glass pointer is attached 
exactly at right angles to the magnetic axis of 
the needles. Support this arrangL*nient on a 
vertical steel needle which is fixed (point 
upwards) in a cork inserted in the circular 
hole in the base of the box. Support the 
base board on three brass screws screwed into 
its under .surface. When the instrument is 
completed adju.st the verticality of the needle 
by moving the position of the cork. ]*rotect 
the needle from air currents by .covering 
the coils with an inverted glass crystallising 
dish, resting on the base board. 

26. The Tangent Galvanometer.— gaivanoscopc. 

(i.) The apparatus really consists of the 

magnetometer (described on p. 216), supported horizontally on two 
vertical uprights in which grooves are cut so as to enable the 
magnetometer to be supported firmly in a .series of different positions in 
the .same horizontal plane. Turn a circular ring of wood B (25 cm.s. 
diameter), and cut a shallow rectangular groove round its outer edge. 
Carefully measure the circumference of the groove. Wind four 
separate layers of double cotton-cover^ copi)er wire (No. 22, S.W.G.) 
round the groove, carefully counting tne number of turns of wire in 
each layer ; it is an advantage to have one coil consisting of only four 
or five turns of thicker wire ; allow the ends of each layer to enter and 
leave the groove through narrow holes bored through the edge of the 
ring, in eacli case the holes being exactly opposite one another, so 
that each layer contains a known number of complete turns of wire. 
Fix two vertical pieces of >vood across the middle of the Ixise 
board, by means of which the coil of wire may l)e clamped in position, 
and accurately adjusted .so that the centre of the coils coincides with 
the horizontal line in which the magnetometer needle is situated. 
Fasten the ends of the coils to a series of binding screws fix^ to the 
base board, so that the ends of coil No. i arc connected to terminals 
1 and 2, the ends of coil No. 2 to terminals 2 and 3, and so on. 
Support the^ba.se board on three levelling screws. 

(if?^ A simpler form of tangent galvanometer, in which the circular 
.scale and needle are permanently fixed at the centre of the coil, will 
suffice for most experiments. 

27. Mirror Galvanometer '^ (Fig. 77). — Cut two pieces of wood 
[10 erns. .square, an<l 1.5 cms. thick), and bore a circular hole (2^ cms. 

* The details of this instalment are mainly derived from Professor 
J. Z\. Fleming's Magnets and Electric Currents (E. and F. W. Spon). 

Q 
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diameter) through the centre of each. Coat with paste oi\e side of a 
piece of foolscap paper (30 cms. x 10 cms.), and lay the paper paste-side 
downwards on a clean hoard, and roll it up tightly on a wooden or mctVl 
cylinder (of such diameter that the paper tube will fit tightly into the 
circular holes cut in the ])ieces of wotul). Slide the' paper tube off the 
cylinder, allow it lo dry, and then trim the ends so as 10 obtain a tube' 
7 cms. long. Fix the pieces of wood to the paj.)er tube and wind on to 
.the tube about ten layers of No. 34 cotton -covere<l copper wire. 
SoUler the bare ends of the coil to two small pieces of sheet copper, 
through the centre of each of which a terminal is screwed into the 
upper edge of one of the wof)den faces. 

Procure a jdane galvanometer mirror* (half-inch diameter). Cut a 
disc of aluminium foil (half-inch diameter) leaving three short tongues 
projecting from the edge (Fig. 116, i.), and 

a fix two or three short ]neccs of m;ignetised 
watch-spring to the back of the foil. Place 
the mirror, glass-side outside, against the 
foil, and bend the metal tongues round so 
as to hold the mirror in position. Attach 
a short inece of single silk fibre by means of 
shellac to the metal tongue vertically above 
the magnets. Fig. 116, ii., shows how t lie 
mirror may be suspended from the end of a 
stiff brass wire which is supported by a cork 
fitting into the back of the paper tube. 

It is frecjuently necessary lo use a con- 
trolling magnetic field. This may be pro- 
vided by means of a bar-magnet i)laced on 
Kk;. 116. - Metljod of support- tile bench near to the instrument, or by 
ing the ma>;ncis and mirror, means of the arrangement shown in Fig. 

77, in which a piece of strongly magnetised 
knitting-needle is supported horizontally in a cork which slides up or 
down a glass rod fixed to the back of the galvanometer. 

Fig. 78 represents a simple arrangement for the lamp and scale. 
Select a deal packing-box (A), .sufficiently large for the lamp to be 
placed in.side, and remove the ends and top. Cut a sheet of stout 
millboard (II) lo the same length and width as the box, cut a narrow' 
slit (C) <lown the middle of the millboard, and stretch a thin copper 
wire along the midtile of the slit ; tack the millboard to ‘the (i;pnt of 

* A mirror may be prepared by silvering :i microsco|)t? cover-glass, the 
surface of wliich is uniformly plane. I'he trueness of the surface may be 
ensured by laying the coverslip on a dark surface and observing whether 
the reflected image of any objects with .straight edges is free ‘from 
distortion ; it will be found that the majority of the coverslips have not a 
sufficiently true surface for the purpose required. 
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the box. Attach a paper centimetre scale to a strip of wood (D), to 
the upper edge of which two ItKJps of wire are attached. Sujiport the 
lefts (L) in a slit in a cork, fixed to the top of a glass rod which is 
supported through the cork of a wide-mouthed bottle. 

28. A Simple Form of High Resistance.— This may be con- 
structed by ruling lea<l-pencil lines on a sheet of glass with matt surface 
(Kig. 79). The wires are connected to the pencil lines by means of 
battery terminals, with which good contact may be ensured by inter- 
posing a few tliickncsses of tinfoil between the glass and the screw 
terminal. If the lines are drawn in zigzag form variations of the 
resi.stancc are easily obtaine<l by moving one of the screw terminals. 

29. Adjustable Resistances. — There arc two forms which arc 
convenient and not costly. One ebnsists of layers of carbonised ch)th 
through wliich tlie current is made tt> pass : llic resistance is varied by 
means of a screw whicli compresses the layers more or less closely 
together. Another convenient form consists of several slabs of hard 
carbon ])lace(l face to face, instead of the layers of carboniseil cloth. 

ll may be convenient for some purposes to construct a licpiid 
resistance as shown in Fig, 92 ; zinc plates and a solution of zinc 
sulphate are suitable for the purpose. 

30. Apparatus represented in Fig. 91.— Vh a cork into a 

glass boiling tube, boil the cork in paraflin-wax. Wind about two 
metres of No. 28 iron wire into a long narrow sjural, and solder the 
ends to short pieces of thick copper wire. Pore holes through the 
cork to carry the thermometer, the terminals of the sj>iral, and a stirrer 
(made of thick copper wire). Fill the tube witli parathn oil. 

31. Apparatus represented in Fig. 92 — Fit a cork into each 
end of a glass tube (40 cms. x 2 cms.). Boil the corks in paraflin-wax. 
Cut two circular discs of sheet copper, sufficiently large to pass readily 
into the tube, and solder a long piece of thick copper wire to the 
centre of each disc. Through the centre of the corks pierce a hole 
sufficiently large for the copper wires to pass through. 

32. Standard Calomel Cell.-- This cell may be constructed in 
the following manner; — Procure a glass tube (6 cms. long, 2-^ cms. 
diameter) provided with a cork which has been boiled in paraffin-W'ax. 
Through the cork l)orc two hole,s, one supporting a nxl of pure zinc, 
the other supporting a narrow glass tube sufficiently h>ng to reach to 
the Wiftom of the wide tube. Fuse a platinum wire into the low^er 
end of the narrow tube, anti connect the inner end of the platinum to 
a copper, wire, which will .serve as one of the terminals of the cell. 
Solder a ctjpper wire to the upper end of the zinc rod. Pour a little 
pure pierciiry into the wide tube, and in.sert the platinum terminal .so 
that it is completely covered by the mercury. Put pure mercurous 
chlpride over the mercury to a depth of about 2 cms. Nearly fill the 
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tube with a saturated solution of pure zinc chloride, and insert the cork 
and zinc roil ; adjust the latter so that it tlips into the zinc chloride, 
but does not touch the layer of mercurous chloride. Fix the cell or. a 
block of wood It) serve as a support, and screw terminal binding screws 
into the lop of the block. * * 

It is convenient to have three or four of these cells mounted on a 
long block of wood, and connected in series. 

33. Joule's Law (Fig. 96). — Make a cylindrical vessel (lO cms. 

5 cnis. diameter) of thin sheet copper. Fit a cork into the top 

of the vessel, and previously l)oil the cork in paraffin-wax. bore holes 
in the cork, one in the centre for the thermometer, and two holes at 
opposite ends of a diameter for the lea<ls of stout coi)per wire ; all of 
these should be lightly tilling. Alst» bore a hole through which the 
handle of the stirrer may readily pass. The handle of the stirrer 
should be protected by a short piece of glass tubing in order to prevent 
the passage of heat from the hand. 'Fhe coil may consist of bare 
German-silver wire (No. 28), of sufficient Icnglh to have a resistance 
of about 20 ohms. Any possibility of the current shorl -circuiting 
through the water may be prevented by coating the wire with a very 
thin layer of hardened shellac : this may be done by dipping the coil 
into a weak solution of shellac in methylated spirit contained in a 
beaker, and afterwards drying the coil in an air oven at 130“ C. ; the 
coil should be again dipped and dried. 

In comparative experiments it may be found more convenient to use 
turpentine, instead of water, in the calorimeter. It has less heat 
cap.acity than water (Sp. Hi. of turpentine = 0.462), and therefore less 
lime is required in order to obt.ain a measurable rise in temperature. 
The use of turpentine also allows the wire (single silk-covered) to be 
wrapped into a coil without any liability of .short-circuiting, thus allow* 
ing more wire to be u.sed than if an t)pen spiral only were permi.ssible. 
The thermometer should be graduated to 0''.$ (or preferably to 0°.2). 

34. Copper Voltameter (Fig. 99). — The support for the copper 

plates consists of two rods of vulcanite joined together by three parallel 
wires of stout copper ; this support rests on the edge of a large beaker. 
The two outer copper plates (the anodes) may conveniently be about 
7 cms. long and 5 cms. wide ; the middle plate (the kathode) should 
be slightly smaller (say 6 cins. x 4.5 cms.). ^Use a 15 per cent solution 
of coi>])er sulphate, to each litre of which 5 c.c. of strong .sulphuric 
acid have been added. ^ "• 

35. Water Voltameter (Fig. loi).— Procure a wide-mouth bottle 
(abcnit 8 ozs. capacity), fitted with a rubber stopjTcr. Pass two stout , 
copper wires through the stopper at points about 2 cms. apart. Solder 
to the lower end of each copper wire a short length of platinum. wire, 
and to each of these weld a piece of platinum foil (about 3 cms. x 

1 cm.). The welding is conveniently done by laying the foil and wire 
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in contact on a non-condircting surface a 1>rick) ; heat the foil and 
wire to bri^t redness with a blowpipe Hame, and hammer them while 
rud-hot at the required point of junction. Fix the glass-leading tube 
through a hole in the centre of the stopper. Since a hot platinum 
wire may ignite the explosive mixture of gases which will accumulate 
in the bottle, it is preferable to protect the copper and platinum wires 
inside a glass tube, the lower end of which is fused round the platinum 
wire at its lowest point. 

The acid solution may be prepared by adding one vol. of strong 
sulphuric acid to four vols. of water. 

36. Solenoids. — A convenient form of solenoid may be made by 
winding a close spiral of No. 32 cotton-covered copper wire on a glass 
tube (25 cins. long, and 0.4 cm. external diameter). Another solenoid 
of the same dimensions should be made with No. 22 copper wire. 
Kach end of the spiral may be held in position by passing the wire 
under a short length of narrow rublier tubing which is slipped over the 
end of the glass tube ; the free ends should be bent back along the 
spiral, and terminating at the middle of its length. 

37. Coil of Wire (for absolute E.M.F. of a cell). — No. 28 
(ierman-silver wire (silk-covered) is suitable, and it should be of 
.sufficient length to give a resistance of about 5 ohms. Wind the wire 
on a wooden reel, and solder the ends to thick copper wires bent twice 
at right angles. Immerse the reel in a beaker of paraffin oil. Each 
of the thick wires should dip into .separate mercury cups, which may 
be made by partly boring a wide hole in a large cork, w’hich has been 
boiled in paraffin-wax. 




■ ■ / ”.7 > 

• « 943 '-' 

■ •/'■■•O 

.19619 

.21256 

: .^'*438 

.23-87 

, -2327* 

•a 49 JJ 

.23118 

.26795 

.26082 

.28675 

.28863 

.30573 

• 307^54 

.32492 

•32685 

•34433 

.34628 

•36397 

.36595 

.38386 

•38587 

.40403 

.40606 

.42447 

.42654 

•44523 

•44732 

.46631 

.46843 

•48773 

.48989 

-50953 

• 5**73 

• 53 * 7 * 

•53395 

• 5543 * 

.55659 

•57735 ■ 

.57968 

.6^86 1 

1 .60324 

.62487 

.62730 

.64941 ' 

' .65189 

•6745* ; 

•67705 

.70021 

.70281 

•72654 

.72921 

•75335 

.75629 

.78129 

.78410 

.80978 ; 

.81268 

.83910 ‘ 

.84208 

.86929 

.67236 

.90040 

•90357 

•93252 , 

.93578 

.96569 

.96907 



.5".67« ; •58904 

.610^0 . .612^0 
.6346a .6^707 
.659^8 ' .66189 


.15124 

.15302 

.16914 

•*7993 

.18714 

.18895 

.20527 

, '.>0709 

•■22353 

.^2536 

.2419-.! 

•24377 

,26048 

.26234 

.27920 

.28109 

.29811 

.jr-xxil 

. 3 t 7-"2 

• 3 * 9*4 

•33654 

.33848 

.35608 

•35S05 

.37587 

.37787 

•J 9593 

• 3*^795 

.41626 

.41831 

.43689 

•43897 

•45784 

•45995 

.4791a ; 

.48127 

.50076 , 

• 5^>295 

.52279 

.5250* 

. 545 -«'.^ 

•5474S 

.56808 

• 57‘’39 

. 5 «* 4 o 

•59376 

.61-320 

.61761 

■63953 

•64*99 

.66440 • 

.66692 

.68.985 ' 

.69243 

• 7 * 59 ^ 

•7*857 

.74267 

•74538 

.77010 

.77289 

.79829 

.801 15 

.82727 

.8 VJ22 

• 85710 , 

.86014 

.88784 

.89097 

.9*955 1 

.92277 

.95229 

•95562 

.98613 

.98958 


S9613 .59849 


.64446 , .64693 
.66944 ! .67197 
.69502 I .6976 1 

.72122 ! .72388 
.74810 .75082 
•77^^'5^ -77848 

.80402 .80690 
.8^317 .83613 

.86318 .86623f 
.89410 : .89725 
.92601 .92926 

•95897 I 
•99304 , •9965* 


















Ill 


231 


Ni^TURAL TANGENTS 


JVATliJ^AL TAN(;ENTS— 

(In most cases is sufficiently accurate to use the values to four figures.) 
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